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Abstract
Anionic polymerization based upon high vacuum technique has been used
to synthesize different star polymers using varying linking techniques. In
particular chlorosilanes, divinylbenzene, and polyhedral oligomeric
silsesquioxane (POSS) chlorosilane derivatives were used in the synthesis of star
polymers. These polymers, along with polymers synthesized by others, have been
characterized by a range of methods in this work.
A series of polyisoprene (PI) stars were synthesized from
dimethylaminopropyllithium (DMAPLi) and subsequently hydrogenated to form
poly (ethylene-co-propylene) (PEP) these were characterized by size exclusion
chromatography (SEC) coupled with online two angle laser light scattering
(TALLS). These polymers were synthesized in an attempt to make a new series
of viscosity index improvers as an oil additive. The polymers were characterized
by differential scanning calorimetry and thermal gravimetric analysis.
A novel process for producing eight arm star polymers was explored using
a Polyhedral Oligomeric Silsesquioxane (POSS) modified with chlorosilanes as
the linking agent. The arms of these stars were prepared polybutadiene prepared
anionically. A study of the effect of living end-groups was also explored by
endcapping the living polybutadiene with a polystrylanion and the linking
efficiency was monitored. These polymers were also characterized by SEC
coupled with TALLS.
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A series of polystyrene (PS) combs and centipedes were used to gather
information about the intrinsic viscosity ([η]), radius of gyration (Rg), and
hydrodynamic volume as compared to linear PS polymers of a comparable
molecular weight. These values were examined under good solvent and theta
solvent conditions. The g’ and g parameters were examined for comb and
centipede type polymer architectures and compared to literature values. The
validity of a new theory SEC separation was explored using the hydrodynamic
volume to explain the primary means of separation in SEC columns.
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Part 1
Introduction

1

Polymers are an exceptionally interesting class of chemical compounds. The term
polymer is derived from the Greek words polys and meros which translate into “many
parts.” Polymers can have a wide variety of properties that reflect the molecular weight,
molecular weight distribution, branching, monomer composition, morphology, tacticity,
microstructure, and functionality of the molecules in question. Although polymers can be
synthesized using a range of techniques; they can be classified into some basic categories.
In the 1920’s Carothers classified polymers into two different classes: condensation and
addition polymers. This classification was based on the type of synthesis required to
make the polymer. Condensation polymers require two monomers or one bifunctional
monomer with the removal of a by-product, usually water. Addition polymerizations
represent a large class of polymers based on the addition of one monomer group after
another without the loss of a small molecule.[1] Addition polymerizations can be further
subdivided into free radical polymerization, controlled radical polymerization, cationic
polymerization, and anionic polymerization. Each type of addition polymerization has
advantages and disadvantages, but will limit this discussion to the polymerization method
used for all of the polymers in this thesis – anionic polymerization.
Anionic polymerization offers finest synthetic control with the best homogeneity
during the reaction process. Even though controlled radical polymerization has become a
reliable method to achieve low dispersity polymers this method still does not compare to
anionic polymerization for synthesis of higher molecular weight polymers and complex
architectures. Hawker states, “Until recently, ionic polymerizations (anionic or cationic)
were the only “living” techniques available that efficiently controlled the structure and
2

architecture of vinyl polymers.”[2] The subject of living polymerization not only
includes anionic and cationic polymerization, but Atom Transfer Radical Polymerization
(ATRP), Nitroxide Mediated Polymerization (NMP), and Reversible AdditionFragmentation Polymerization (RAFT).
Quirk and Hsieh[3] give nine basic criteria for living polymerizations these are:
1. The polymerization consumes all available monomer, if additional monomer is
added, the additional monomer is also consumed in the reaction.
2. The molecular weight of the polymer, more specifically the number average
molecular weight, increases linearly as a function of monomer conversion.
3. The number of active chain-ends is unvarying during the polymerization and is
independent of monomer concentration.
4. The molecular weight of the polymer can be controlled by controlling the
stoichiometry of the reaction.
⎛ grams of monomer ⎞
⎟⎟
Number Average MW = ⎜⎜
moles
of
initiator
⎝
⎠

(1)

5. The polymers that are synthesized using living techniques have very low
polydispersities.
6. Block copolymers can be synthesized by simple addition of different monomers
sequentially to form the different polymer blocks.
7. The end functionality of a polymer can be controlled quantitatively by termination
with a desired terminating agent.
8. The rate of propagation of the polymer is a function of time, varying in a linear
manner. If the experimental data is plotted it must fit the equation below.
3

ln

[M o ] = k t
[M ] obs

(2)

[M o] = Initial monomer concentration
M = monomer concentration during polymerization
kobs = rate constant of polymerization
t = time of the polymerization
9. The plot of the experimental data will coincide with the linear equation below.

⎛
⎞
[I ]
ln⎜⎜1 − o DPn ⎟⎟ = −k p [I o ] t
⎝ [M o ]
⎠

(3)

[M o] = initial monomer concentration
[I o] = initial initiator concentration
kp = rate constant of the polymerization
t = time of the polymerization
DPn = number average degree of polymerization
The linearity of a plot of equation 3 demonstrates the absence of chain transfer and chain
termination.[3] In the presence of chain transfer and chain termination, the DPn will not
be a function of time or concentration. Two incidents would occur, for chains were
termination occurs, the DPn would be very low and in the presence of chain transfer the
DPn would increase very quickly. Therefore, the plot of this data using equation 3 would
not be linear.

4

The term “living” polymerization was first used by Szwarc in 1956. Szwarc and
coworkers used a sodium naphthalene initiator to polymerize styrene in two equivalent
steps. This experiment had an approximate yield of 100% after the two additions of
monomer which demonstrated the living nature of the polymer chain ends. To further
prove the living nature of the polymer, a triblock copolymer of the AAA...BBB…AAA
type was synthesized using the same sodium naphthalene initiator. Styrene was
polymerized first and then isoprene was added to the mixture once all of the styrene had
been consumed. The resulting polymer solution could not be precipitated in a selective
solvent for polystyrene or polyisoprene proving the existence of the block copolymer.[4]
Although Szwarc was the first to use the term “living”, Zeigler was the first to report a
mechanism for polymerization of dienes using alkylithium and alkylsodium reagents. He
published these results in 1934.[5-7] The anionic nature of the polymerization was first
discovered by Higginson and coworkers and their experiments with potassium amide
chemistry and initiation of styrene.[8] They discussed the character of the anionic
polymerization as an acid-base system using Lewis acids and base to describe the
polymerization reactions.
The common monomers that are used with anionic initiators must be able to form
a stable anionic species. Monomers that are capable of being polymerized are styrenic,
dienic, and certain cyclic monomers.[3, 9-11] Polymerizations that involve styrenic and
dienic compounds are stabilized by substituents that can delocalize the negative charge.
Ring opening polymerizations of cyclic monomers are only possible when the ring is
subject to ring opening by nucleophilic attack. In general, substituents that promote the
stabilization of the carbanion are: aromatic rings, double bonds, carbonyl, ester, cyano,
5

sulfone groups to name a few. Conversely electrophilic substituents will react with the
living chain end. These include primary and secondary amines, carboxyl, and hydroxyl
groups. Presence of such groups incorporated on the monomer does not prevent the
polymerizations of these monomers; they just pose a challenge in the synthetic approach.
Monomers with electrophilic character must either be modified by protecting groups or
undergo alternate polymerization methods such as specific counter ions, decreased
temperature, or selective initiators. Monomers that have undergone anionic
polymerization are: substituted styrenes[12], vinylpyridines[13], conjugated dienes[14],
acrylates[15], acrylonitriles[16], lactones[17], epoxides[18], and cyclic siloxanes[19] just
to name a few.
Since the 1950s anionic polymerization has been the premier technique for the
synthesis of complex polymer architectures because of the accessibility to countless
different architectures through exceptionally well defined chemistries.[3, 9, 10, 14, 20]
The initiator that is chosen is essential to the way the polymer is synthesized. In order to
achieve the low polydispersities that are achieved with living anionic polymerization
several steps have to take place. The first step is the initiation of monomer by the
initiating species. The second step is the propagation of the active end utilizing the
monomer that is available until all of the monomer is consumed. The last step,
termination, must not occur until the proper terminating agent is added to the system.
The initiation step must be exceptionally fast when compared to the rate of propagation.
This is the mechanism that allows for the low polydispersities seen in living anionic
polymerizations. If the initiation is slow the molecular weight (MW) distribution may be
larger or even bimodal.
6

Today the initiator that is most commonly used is secondary butyllithium. This
particular initiator is useful because of the solubility of the initiator in non-polar organic
solvents such as cyclohexane and benzene. The reactivity of alkyllithium initiators is
linked to the stability of the anion and also to the degree of aggregation of the
alkyllithium initiator in solution. In general the more substituted the carbon of the
carbanion the more reactive the initiator is. There are exceptions to this rule. For
example the t-butyl lithium anion reacts slower than n-butyllithium anion when used in
conjunction with styrene monomer.[10] This conclusion is based not only on the
reactivity of the initiator, but is also linked to the steric hindrance of the initiator coupled
with aggregation of the initiator species and the initiator species where a unit of
polystyrene has already been polymerized and formed a living polystyryllithium chain
ends. The reactivity of the carbanion is not only a function of the anion, but also the
amount of carbanion aggregate that is formed in solution, and the steric characteristics of
the initiating species. In solution s-butyllithium can form carbanion aggregates that have
trifunctional, tetrafunctional, and hexafunctional species. The amount of aggregation can
be controlled by selection of the initiator species, solvent, and additives. In general
initiators follow the general reaction rate hierarchy:
For dienes: Menthyllithium > s-butyllithium > i-propyllithium > t-butyllithium >
n-butyllithum and ethyllithium.
For styrene: Menthyllithium > s-butyllithium > i-propyllithium > n-butyllithum
and ethyllithium > t-butyllithium.[10]
The initiators mentioned earlier are all monofunctional initiators that only afford
one living chain end. Other initiators have been studied that have difunctional,
7

trifunctional, and multifunctional moieties. Difunctional initiators such as sodium
naphthalene complex[4] or sec-butyllithium in conjunction with 1,3 bis(1-phenyl
ethenyl)benzene (PEB)[21] provide living polymerizations with two living chain ends.
Trifunctional initiators have been synthesized, but the solubility of the anion and 100%
initiator efficiency become an issue[3]. Multifunctional initiators have been synthesized
from divinylbenzene (DVB), but solubility also becomes an issue. DVB is more valuable
as a linking agent in star molecules[22, 23]. Initiators with functional groups can also be
used to perform anionic polymerizations. Protected amine and alcohol initiators have
been synthesized and in some cases are commercially available from companies like
FMC Lithium Corporation. Functional initiators such as dimethylaminopropyllithium are
discussed later in greater detail.
As mentioned earlier anionic synthesis offers the finest synthetic control when
synthesizing polymers, not only based on composition, but architecture as well. Anionic
synthesis provides the ability to make a variety of polymer architectures. The types of
architectures that can me synthesized are: star, comb, centipede, barbwire, cyclic, and
hyperbranched varieties.[14] Each type of architecture can be accessed through a variety
of strategies. An example of the some the architectures can be seen in Figure 1. All
figures will be at the end of this particular part in the appendix.
A star polymer is a polymer with a central graft point and the polymer arms
radiate from the central graft point. They can have as little as three arms and as many as
128 or larger. Comb polymers are polymers that have long polymer chains grafted to the
backbone in a random or regular spacing. In a comb polymer there is only one graft per
site on the polymer back bone. As the number of polymer grafts increases at a particular
8

point the centipede type polymer is created, this polymer has two polymer chains
attached at a single graft point along the back bone of the primary polymer. If the
number of grafts was increased even further for example 6 polymer chain grafts per graft
point along the polymer backbone this would be described as barbed wire type
architecture. A hyperbranched polymer would have a large amount of branching upon
branching if the spacing is regular and ordered these types of polymers can be referred to
as dendrimers. Cyclic polymers have no chain ends and therefore have unique solution
properties as is the case with each architecture mentioned above.
Star polymers can be synthesized through a multifunctional initiator or coupled
through a linking agent introduced after the arm of the star has been synthesized. As
mentioned earlier several problems arise from multifunctional initiators including
aggregation and solubility difficulties. Coupling reactions tend to control the synthetic
approach of star polymers because of the ease of characterization of the arm material.
Star polymers composed of differing arm composition, such as block copolymers, as well
as polymers of different chemical composition have been synthesized. One of the most
difficult to synthesize star polymers is the miktoarm star polymer. They are composed of
stars where each arm consists of a chemically different polymer. The term mikto is the
Greek word meaning mixed.[24] Chlorosilanes are common linking agents used in the
formation of stars. A large number of chlorosilanes are available through commercial
vendors. Stars with 3, 4, 6, and up to 18 arms have been synthesized through this
method.
Combs, centipedes, and barbwires are types of graft copolymers and can be
synthesized using anionic techniques. A variety of structures are accessible as is the case
9

with star polymers. There are three different synthetic approaches to producing a graft
copolymer. The three methods are “grafting onto”, “grafting from”, and “grafting
through”.
The “grafting onto” method involves reacting all of the pieces of the
macromolecule separately. For example, pieces of the backbone and the arm material are
prepared and characterized separately, then combined through a coupling agent in a ratio
that yields a comb polymer. This method has the distinct advantage that every part of the
final polymer can be characterized individually before assembly into the larger
architecture.
The “grafting onto” polymerization was performed in our lab by David Uhrig[25].
In his work, he grafted polystyrene onto a polyisoprene backbone. The first step of the
synthesis was to polymerize the arm portions of the graft. The styrene was polymerized
and then coupled with a trichlorosilane in a slight excess. The polystyrl anion is limited
to two additions to the trichlorosilane because of the steric hindrance of the bulky phenyl
group. The backbone was then polymerized using the difunctional initiator PEB and sbutyllithium to synthesize the polyisoprene portion of the polymer. The living
polyisoprene is then coupled with the polystrylsilane molecule to generate the graft comb
material seen in Figure 1. This method was used to construct comb and centipede type
polymers.[26]
The “grafting from” method entails incorporating a reactive group in the polymer
backbone. This reactive site is usually protected and activated after the initial
polymerization of the backbone. Afterwards a polymerization is initiated from the
modified sites on the backbone. This results in the arms of the comb growing from the
10

backbone. Characterization of the arm material is a difficult task and usually involves
some type of degradation of the backbone to isolate the arm material.[14]
The third method, “grafting through”, involves the synthesis of a macromonomer
that has a terminal polymerizable group. This macromonomer is then polymerized either
with or without another monomer to generate the backbone of the comb polymer. The
spacing of the arm material can be modified by sequential addition of monomer followed
by the addition of macromonomer and so on. This type of polymerization is difficult to
control and the polymers produced can vary substantially in composition.[14]
Recent advances in anionic polymerizations provide the unique ability to
manipulate polymers in forms that are not accessible through other chemistries. A large
challenge is the characterization of these complex molecules. The synthesis of model
polymers permits characterization methods to be developed and tested. The purpose of
this work is to synthesize complex architectures and explore a variety of characterization
techniques of these molecules.

Experimental
Anionic polymerization requires exceptionally rigorous conditions and a
significant amount of patience. These polymerizations are analogous to a high risk - high
yield investment in the business world. Linking reactions may take weeks or months to
perform, but the reward for a model synthetic polymer is the “high yield”. In the case of
anionic polymerization the “high risks” include: solvent purity, monomer purity, initiator
efficiency, broken break seals, mercury diffusion pumps, and other pitfalls too numerous
11

to discuss. The rewards of anionic polymerization are very low polydispersities and well
defined structures.

Vacuum Line
All of the polymer synthesis that described in this work was performed using high
vacuum techniques combined with the construction of unique and specifically designed
glass apparatus. The vacuum line was constructed of Pyrex glass tubing mounted on a
steel frame. The line was utilized a mercury diffusion pump joined by two opposing
glass vacuum traps. These opposing vacuum traps were cooled by liquid nitrogen and
served different functions. The first trap is to prevent organic solvents and molecules
from entering the mercury diffusion pump and eventually the rough vacuum pump. The
later vacuum trap was put in place to prevent the movement of mercury to the rough
vacuum pump. The rough pump used in this particular configuration was a Welch model
#1402 duo seal pump. To maintain the integrity of the vacuum pump it is recommended
that the pump oil be changed once a month to prevent pump damage from organic
compounds that are not trapped by the liquid nitrogen cold traps. If the experimentalist is
particularly carefully with the upkeep of the vacuum line, the pump oil can be used up to
two or three months, but more is not recommended. Through our experience as a lab, we
have found the best stopcocks to use for these types of vacuum systems are J. Young
Teflon stopcocks. In particular we have used the in-line tap type stopcock with a Teflon
piston and o-ring seals. A representative drawing of the vacuum line can be seen in
Figure 2. This vacuum line was equipped with an additional drying attachment to allow
the drying of polymer samples for extended periods of time. The main attachments of the
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vacuum line were ground glass joints obtained from Ace Glass or Kontes Glass
Company. All ground glass seals were joined using high vacuum silicon grease from
Dow Corning. Some of the attachments to the vacuum line were left as straight Pyrex
tubing to allow for apparatuses to be attached more securely by glass blowing and thus
avoiding a ground glass seal and silicon grease.
This vacuum line’s pressure was tested with an ion gauge attached to a ground
glass joint. The ion gauge controller used to test the vacuum was a Granville Phillips
model # Series 270 ion gauge controller. The vacuum line was able to obtain vacuum
pressures in the range of 10-5 Torr with the mercury diffusion pump. The vacuum line
was also tested with the use of a Tesla coil to verify the vacuum pressure. It was noted
that the Tesla coil became quiet in the 10-4 Torr pressure range. The test performed with
the Tesla coil involved contact of the Tesla coil with the vacuum line. When a proper
vacuum was obtained, there was no discernable difference in noise from the coil when
comparing contact and non-contact with the vacuum. If a proper vacuum was not
achieved the Tesla coil was notably louder when in contact with the vacuum line.
Sometimes a noticeable glow was present inside the vacuum line when a poor vacuum
was present.
Apparatus
All apparatus were constructed from Pyrex tubing and Pyrex round bottom flasks.
All of the glassware was constructed manually and annealed in a furnace at 5650C to
ensure that stresses created by glass blowing were relieved, thereby making the glass
more durable. Two main glass connections that must be mastered when using glass
blowing techniques to perform anionic polymerization are seen in Figure 3. The picture
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on the left is a photograph of a glass constriction. The glass constriction provides a
junction in the glass which can be flame sealed when under vacuum. This allows for
parts of apparatuses to be removed, glass ampoules to be sealed, and removal of
apparatuses from the main vacuum line once a proper vacuum has been achieved. The
glass constriction is made simply by rotating glass in a hot flame and allowing the glass
to condense itself into a smaller opening with thicker glass tubing around the area. The
glass is held in a manner so that no apparent tension is on the glass tubing. As the
heating increases and the glass turns molten, the glass will slowly pull itself together as
the glass flows toward the middle of the flame. This particular description is over
simplified, but for the purposes of this discussion sufficient. Proper techniques require
high-quality teaching and ample practice.
The picture on the right is a photograph of a glass break seal. This particular
glass tool is useful in the fact that it allows different reagents to be added to a reaction
vessel without exposing them to an outside contaminant. This is used in glass ampoules,
to allow the introduction of other polymers into a reaction system, and to allow the
reintroduction of a system back to the vacuum line. This tool is also made from Pyrex
tubing and a proper explanation is beyond the scope of this discussion. Again, the best
instruction is from an experienced glass blower trained in the classic anionic
polymerization technique or other experimental systems.
All apparatus are constructed from some combination of these two tools in
conjunction with round bottom flasks, tubing, and ground glass joints. Once an apparatus
has been assembled the entire system must be checked for pinholes with the Tesla coil. If
a pin hole is present an arc from the Tesla coil will reveal the source of the vacuum leak.
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Careful attention must be used when performing this because using too strong of a
current or leaving the Tesla coil in one place for an extended period of time, can create a
pinhole.
Further descriptions of the types of apparatuses used are described in the
purification of the reagents along with corresponding figures in the appendix.
Purification of Reagents
Benzene
Reagent grade benzene was obtained from Fisher Scientific and was allowed to stir over
concentrated sulfuric acid for a period of no less than 1 week. Additional benzene can be
set aside over sulfuric acid and no stirring is necessary if sufficient time is allowed for the
impurities in the benzene to react (usually longer than 1 month). The benzene is
subsequently decanted into a round bottom flask and calcium hydride is added to the
flask to remove any moisture left over from the treatment with the sulfuric acid. The
mixture is attached to the vacuum line and frozen with liquid nitrogen. This mixture is
degassed once and then allowed to thaw. The mixture is then stirred overnight to allow
the calcium hydride to react. The system is then degassed the following day undergoing
three freeze thaw cycles. The benzene is then distilled into a calibrated cylinder that is
attached to the vacuum line containing a mixture of n-butyllithium and styrene. Less
than 1 ml of styrene is used directly (Sigma Aldrich, unpurified). Approximately 10 ml
of 1.6 M n-butyllithium in hexanes is added (Sigma Aldrich). (Through my personal
experience Sigma Aldrich seems to have the best quality butyllithium.) The hexane is
previously removed before the distillation of the benzene into the cylinder. The resulting
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solution is degassed three times and allowed to stir overnight. In time an orange
persistent color will develop. This color is due to the presence of a living polystyrene
anion, the presence of this color ensures that the benzene is satisfactorily pure for anionic
polymerization. The color is demonstrated in Figure 4. The color provides a clear
indication as to whether the benzene is sufficiently “healthy”, if the color fades or ceases
to exist then the benzene is contaminated and needs to be re-purified.
Hexanes
Reagent grade hexanes were obtained from Fisher Scientific and were purified in
a manner similar to benzene. The only substantial difference in the purification of the
reagent is the addition of styrene. The smallest amount of styrene should be added, no
more than a couple of drops. This is due to the insolubility of the high molecular weight
polystyrene anion in hexanes. If very small oligomeric chains exist the anion is able to
be kept in solution and a similar orange color persists indicating if the solvent is
sufficiently pure or not.
Tetrahydrofuran
The THF was initially dried over CaH2 which is degassed three times and allowed
to stir over night. The THF was then distilled over sodium metal and allowed to stir for 6
hours. The solution is then distilled to a cylinder that contains sodium potassium (NaK)
alloy. The alloy is made from 3 to 1 mixture of potassium to sodium which is a liquid at
room temperature. Synthesis of the alloy begins by cleaning the sodium and potassium
under a solution of hexanes to prevent further oxidation of the metals. The metal oxides
are scraped off the metals using forceps and a spatula and then cut into small pieces. The
metals are then transferred to a clean container with clean hexanes and then the metal and
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hexanes are transferred to the cylinder into which the THF will be distilled. The cylinder
also contains a magnet encased in glass as the alloy is very reactive and will eventually
destroy Teflon coated magnets. The container is pumped down on the vacuum line to
remove all of the hexanes and then the cylinder was slowly heated by a very small flame
from a glass blowing torch, until the sodium just begins to melt. Once the sodium begins
to melt the magnet was manipulated to allow the sodium and potassium to mix and form
the alloy. The THF is then distilled from the sodium chunks into the cylinder with NaK,
and the mixture undergoes 3 freeze/thaw degas cycle, and was allowed to stir until a blue
color was observed. It is useful to note that during the freeze/thaw cycles the glass
encased magnet must be moved above the THF solution level, because during the
freezing process the magnet is very susceptible to cracking and breaking. The blue color
is indicative of the purity of this solvent. The blue color and the transfer apparatus are
shown in Figure 5.
Isoprene
Isoprene was obtained from Sigma Aldrich and was purified in three steps. The
isoprene is first poured into a round bottom flask containing calcium hydride and
attached to the vacuum line. The mixture is degassed once and allowed to stir overnight.
The mixture was then degassed by 3 freeze/thaw cycles the following day. The isoprene
was then distilled to another round bottom flask containing sodium chunks and allowed
to stir at 0oC for one hour. The isoprene was then distilled to another round bottom flask
containing n-butyllithium and allowed to stir for 30 minutes at 0oC and a slight yellow
color will develop depending on the amount of butyllithium that is used. The isoprene
was then distilled to ampoules that had been graduated to specific amounts and was
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stored in the freezer for later use. If sodium is not available the second purification can
be substituted with another treatment with butyllithium, once more only for 30 minutes at
0oC. Isoprene is the simplest monomer to purify because it has a low boiling point yet is
a liquid at room temperature.
Butadiene
1,3-Butadiene was obtained from Sigma Aldrich and was purified in the same
three steps as isoprene. Butadiene is a difficult monomer to use because the monomer is
a gas at room temperature. Extreme caution must be used when purifying this monomer.
The monomer comes in a gas cylinder from Sigma Aldrich, a regulator must be used
when using this monomer. The regulator should only be used with this monomer because
some of the monomer will remain in the regulator after every use. The gas was first
condensed into a round bottom flask in a dry ice/isopropanol bath. Once enough
monomer has been collected calcium hydride was added to the flask. If the calcium
hydride is added first the incoming gas can spray the calcium hydride everywhere. The
flask is immediately transferred to the vacuum line and degassed. The flask was
continuously chilled at -78oC and allowed to stir for one hour. The butadiene is then
distilled to another flask containing sodium pieces and degassed. The flask with the
sodium pieces and butadiene was allowed to warm to -10oC and stirred for 30 minutes.
This mixture is cooled by an ice/water slurry with a large amount of sodium chloride
added to bring the temperature down to the desired -10oC. This temperature is very
important because of the low boiling point of the monomer which is -4.5oC. The
butadiene must be kept cooler than this temperature or the flask can explode. The flask
in all the cases for butadiene is never clamped to the vacuum line just in case the
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temperature does rise above the boiling point the flask will blow off the line instead of
exploding. The butadiene is then distilled to another flask with n-butyllithium that was
attached to the vacuum line and all of the hexanes removed. The butadiene is degassed
and was allowed to stir at -10oC for 30 minutes. One final degas of the material was
performed before the monomer was distilled to pre-measured ampoules. The density of
the monomer at -78oC is 0.74 g/ml. Once the desired amount of butadiene has been
distilled to the ampoule another material is distilled the ampoule usually benzene or
hexanes. In my experiments I used hexanes because this solvent does not freeze near
0oC. The hexanes were distilled to amount that was twice the volume of the butadiene in
the ampoule. This prevents the ampoules from breaking at room temperature; the
hexanes sufficiently lower the vapor pressure of the butadiene which allows the break
seals to maintain their integrity. Isoprene and butadiene were distilled using an apparatus
shown in Figure 6.
Styrene
Reagent grade styrene was obtained from Sigma Aldrich and underwent a two
step purification process. The styrene was first added to the apparatus shown in Figure 7.
A short path distillation apparatus is necessary because of the high boiling point of the
monomer. The first purification process is performed over calcium hydride. The styrene
was added and the system was degassed. The constriction where the styrene was added
was heat sealed and the styrene was allowed to stir overnight. The system was degassed
by three freeze/thaw cycles before the distillation to the ampoules was started. Heavy
wall tubing is used instead of the constriction to the ampoule because the heavy wall
tubing allows for easier distillation then a constriction allows due to its larger diameter.
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Once an ampoule was taken from the first distillation process it was attached to
the apparatus seen in Figure 8. Dibutylmagnesium was added to the apparatus through a
rubber septum located on the round bottom flask. The constriction was washed and then
heat sealed. The dibutylmagnesium was obtained from Sigma Aldrich in 1.0 M heptane
solution. The heptane was removed by vacuum and then system was isolated and the prepurified styrene was added to the flask through the break seal. The addition of the
styrene to the dibutylmagnesium causes a faint yellow color to develop; this solution was
allowed to stir for two hours. Dibutylmagnesium is used to purify the styrene because nbutyllithium reacts too fast with the styrene monomer. The styrene was distilled to the
ampoules and degassed before heat sealing the heavy wall tubing. The ampoules were
stored in the freezer until the day they were needed. It is necessary with styrene
ampoules to check the viscosity of the ampoule before use because styrene is known to
undergo spontaneous polymerization in the ampoule.
Divinylbenzene
Divinylbenzene was also purchased from Sigma Aldrich as a 80% technical grade
mixture of isomers. The purification of divinylbenzene (DVB) was in the same manner
as styrene monomer was purified. The only difference in the purification of the DVB
monomer was because the boiling point is higher than that of styrene, distillation can be a
challenge. The boiling point of DVB is 195oC; therefore the distillation process is
usually assisted with a heat gun or a very soft flame from the glass blowing torch. Also
because the DVB is a very viscous monomer the ampoule is usually diluted with benzene
to assist in the addition of the monomer to a reaction and to reduce the tendency for self
polymerization. The ampoules are stored in the freezer until use and since the monomer
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is usually added after a day of polymerization it is necessary to keep the ampoule cooled
until the monomer is going to be utilized.
Chlorosilanes
Methyltrichlorosilane, Dichlorodimethylsilane were obtained from Sigma Aldrich
and purified using calcium hydride. The chlorosilanes were ordered in 100 ml or 100 g
size bottles and used only once to ensure the proper silane was used. An entire bottle of
the silane were transferred to a round bottom flask and attached to the vacuum line. The
silane was degassed once by a freeze/thaw cycle and allowed to stir over night. The
silane was degassed by three subsequent freeze/thaw cycles before distillation began.
The silane was distilled by a fractional distillation. The first third of the material was
distilled to another round bottom flask and discarded. The middle third was collected in
an ampoule and sealed for use as a linking agent and the remaining third was also
discarded. The silanes were used neat in some cases in other cases they were diluted with
purified hexanes to the desired concentration. If dilution is necessary it is recommended
that the glass apparatus is pretreated by silanation with chlorotrimethylsilane to ensure
that side reactions do not occur with silicon hydroxide present on the glass surface. This
is performed simply by distilling in a small amount of the chlorotrimethylsilane into the
apparatus being used and using a rag dipped in liquid nitrogen to condense the
chlorosilane on the glass in the desired locations. Once the glass has been washed the
excess chlorosilane is removed by distillation and allowed to dry on the vacuum line until
the apparatus is used.
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1,2-bis(trichlorosilyl)hexane
1,2-bis(trichlorosilyl)hexane chlorosilane was purified in the same manner as the
other two chlorosilanes, but this particular reagent also requires the use of short path
distillation apparatus. Also the assistance of a soft flame or heat gun is also used to assist
the distillation process. The reagent has a very high boiling point of 281oC which makes
the distillation a challenge. It is also recommended that when diluting this reagent a
silanation treatment of the glass is necessary.
Methanol
Reagent grade methanol was obtained from Fisher Scientific. The methanol is
utilized as a terminating agent to the anionic polymerization process. The only
purification that is necessary is that the methanol is thoroughly degassed by three
freeze/thaw cycles on the vacuum line. A small amount of methanol is then distilled to
ampoules usually less than 1 mL is all that is necessary for the termination of a polymer
because the amount of living anions is so minute.
Sec-butyllithium
Sec-butyllithium (sec-BuLi) was synthesized from sec-butylchloride (sec-BuCl)
and lithium metal. Lithium metal was used with at least 6 times excess the molar amount
necessary for the reaction.
sec-BuCl + 6 Li → sec-BuLi + excess Li + LiCl
The sec-butylchloride was purified by drying the reagent over calcium hydride on the
vacuum line over night. The sec-BuCl was degassed three times by three freeze/thaw
cycles. The purified sec-BuCl was then ampoulized in an apparatus similar to those for
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butadiene and isoprene. The ampoule of purified sec-BuCl is then attached to an
apparatus seen in Figure 9. The sec-BuCl was reacted with lithium granules that were
measured in an inert atmosphere dry box and then transferred to the apparatus under a
nitrogen blanket. The entire system was attached to the vacuum line and flame dried.
The system was injected with a purging reagent usually n-butyllithium obtained from
Sigma Aldrich. Sec-BuCl may be used, and will save time during the washing process.
If sec-BuCl is used the washing of the apparatus with the purging solution can be
shortened, because a small amount of residual sec-BuCl will not affect the reaction
outcome. If n-butyllithium is used, washing the reactor is very important to the purity of
the desired product. Once the purging agent has been injected into the apparatus the
constriction it was introduced through is washed and heat sealed. Washing was
performed by using a small piece of cloth and dipping it into liquid nitrogen and then
applying the rag above the desired location to be washed. This causes the solvent in the
system to condense and wash over the desired area. A desired amount of hexanes was
then distilled into the apparatus. The hexanes were purified as mentioned earlier. The
entire apparatus was degassed and then heat sealed from the vacuum line. The entire
apparatus was rinsed with the hexane and purge reagent making sure that all the glass
comes in contact with the solution. The heavy wall glass where the lithium granules were
introduced was washed thoroughly then heat sealed to remove the ground glass joint.
The entire apparatus was orientated so the purge section was at the bottom and rest of the
apparatus was upright. Then the purge section was heated with lukewarm water to
promote the condensation of hexanes throughout the apparatus. The system was allowed
to reflux for 2 hours and then washed with the cloth method all over the apparatus ten
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times. Once the washing is finished the purge section is cooled in a bath of ice water.
The apparatus was turned horizontally and the round bottom flask opposite the purge
section is covered in ice. This manipulation of the entire apparatus is performed in such a
manor that purge solution stays within the purge section. At this point the hexane will
began to distill to the reaction vessel while leaving the excess butyllithium and impurities
in the purge section. The purge section may be bathed in water to facilitate the
distillation but only with water that is room temperature. Water no warmer than room
temperature is necessary to avoid bumping of the liquid, if bumping occurs the washing
process may need to be repeated. Once all of the hexanes has distilled the purge section
was removed by heat sealing the constriction between it and the reactor vessel.
The reactor is then repositioned so the lower flask is the flask containing the secbutylchloride. The flask is bathed in an ice water bath and the sec-butylchloride ampoule
was fractured with the breaker. This allowed to the sec-butylchloride to distill slowly
into the hexanes and lithium granule solution. This method prevents Wurtz coupling
which may occur as a side reaction. The reaction was left stirring over night at 0 oC. The
following day the solution was filtered through the glass filter frit and collected in
ampoules. A sample of the initiator was taken and immediately, opened and mixed with
deionized water. This solution was then titrated to determine a rough calculation of the
concentration of sec-BuLi formed in the reaction. This titration is only a rough method
for determination of the concentration of the initiator. A more accurate determination of
the concentration was conducted later performing a standardization polymerization using
a known amount of styrene and determination of the molecular weight that was formed.
The number of moles initiator can then be calculated from the equation.
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Grams of Monomer / Moles of Initiator = Molecular Weight
From this calculation the concentration of the initiator can be determined. The
ampoules were stored in the freezer until further use or need for further dilution.
Dimethylaminopropyllithium
Dimethylaminopropyllithium (DMAPLi) was synthesized in a manner similar to
that of sec-BuLi. DMAPLi is synthesized from 3-dimethylamino-1-propyl chloride
hydrochloride (DMAPCl HCl) which is reacted with lithium metal. A large excess of
lithium is also used in reaction, at least a 6 times excess.
DMAPCl + 6 Li → DMAPLi + excess Li +LiCl
The DMAPCl HCl was purchased from Sigma Aldrich 98% pure. The DMAPCl HCl
was dissolved in deionized water and titrated with a sodium bicarbonate mixture until the
solution was slightly basic. The 3-dimethylamino-1-propyl chloride (DMAPCl) product
was extracted with 3 equivalents of hexanes with a separatory funnel. The resulting
organic layer was rotary evaporated until all of the hexanes were removed. The resulting
liquid was transferred to the vacuum line and mixed with calcium hydride in a short path
distillation apparatus similar to the one employed in the first purification process of
styrene. The solution was degassed once and allowed to stir over night. The following
day the solution was degassed three times through three freeze/thaw cycles and then
distilled to the ampoules.
The synthesis of the DMAPLi was performed in an apparatus in Figure 10. This
reaction was performed in the same manner as sec-BuCl until the last step of collection of
the ampoules. During the reaction process of DMAPCl with lithium small white crystals
become visible in the solution. The crystals that are formed are the DMAPLi which are
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not soluble in hexanes. The DMAPCl undergoes some Wurtz coupling during the
reaction process and this material needs to be removed due to the polar nature of the
compound and the affect this can have on the microstructure of dienes during the
polymerization process. Therefore the hexanes are filtered through the glass frit and
collected in the extra round bottom flask attached to the apparatus. During this time the
remaining material may be washed using the cloth method to ensure that most of the
coupled product is removed. Once this was completed the flask was removed by heat
sealing the constriction that connected it to the apparatus.
The reaction vessel was reintroduced to the vacuum line via the break-seal located
on the opposite end of the vessel, and purified benzene was distilled into the system. The
benzene dissolved the crystals and the resulting solution was filtered through the frit and
collected in the provided ampoules. A small amount was surrendered to allow for a
titration. A note, the resulting mixture requires twice the amount of acid to bring the
titration to the endpoint due to the hydrochloride salt that is formed in addition to the
lithium hydroxide that was formed. Also a polystyrene polymer was also synthesized
using the initiator to calculate an accurate concentration of the DMAPLi. The ampoules
were stored in the freezer until use. When storing ampoules containing benzene as the
dilution agent an added precaution is necessary. Since benzene freezes at 60C most of the
solution should be moved away from the constriction to avoid breaking the seal while the
benzene freezes. Although this phenomenon does not occur every time I have fallen
victim to this action during my experience of storing this initiator.
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Polymerizations
The polymerization procedure described here is useful for styrene, butadiene, and
isoprene. The basic polymerization reactor is seen in Figure 11. Assembly of the reactor
may take place a couple of days in advance, but addition of the initiator and monomer
ampoules should be conducted on the day of the polymerization to avoid degradation of
the initiator and monomer. Once the reactor was completely assembled the reactor was
placed on the vacuum line and thoroughly flame dried. The reactor was then charged
with n-butyllithium as a purging agent. The hexanes from the n-butyllithium were
removed and the constriction was heat sealed. Purified benzene was then distilled into
the apparatus to bring the concentration of the monomer to 10% solution. This
concentration is useful for polymers with MW’s lower than 100,000 g/mol, for MW’s
greater than 100,000 g/mol, especially the diene monomers, 5% weight solution or lower
is recommended. The concentration of the polymerization is important because viscosity
can have a strong affect on the polydispersity of the polymer being prepared. Once the
solvent was completely distilled, the solvent was frozen with liquid nitrogen and
degassed carefully, then heat-sealed from the vacuum line. At this point this is the
reactor depicted in Figure 11.
The solution of n-butyllithium and benzene was allowed to thaw in a cold water
bath until the solution reached room temperature and the heat sealed constriction was
cool to the touch. The entire apparatus was washed with the solution through
manipulation of the reactor until every part of the glass had contact with the solution.
Careful attention to move the glass breakers at this point is necessary to ensure that the
glass between the breakers and the wall of the reactor are also cleaned. The solution was
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then collected to the purge section of the apparatus. The purge section was then
submerged in a warm water bath and the reactor was washed with a rag dipped in liquid
nitrogen. This step is necessary to ensure that all of the n-butyllithium was recovered to
the purge section. Any excess n-butyllithium can initiate the polymerization, and since
the n-butyllithium reacts slower than sec-butyllithium the polydispersities of the polymer
being synthesized can be altered. Also the desired MW that is being targeted will be
changed. During the washing process the purge section is periodically dipped in a ice
water bath to condense all of the solution back to the purge section, this is usually done
every 2 to 3 wash cycles. The entire apparatus was washed a total of ten times with the
rag dipped in liquid nitrogen. After the last wash the purge section was cooled again to
ensure that all of the solution was condensed back to the purge section.
The entire reactor was then manipulated in a manner that the apparatus was in a
horizontal orientation, but the solution was maintained in the purge section and as to not
contaminate the cleaned reactor. At this point the round bottom flask of the reaction
apparatus was surrounded with ice and the purge section was submerged in room
temperature water. Room temperature water is necessary because warm water will cause
bumping inside the reactor which could cause the solution to bump into the cleaned
reactor. If this occurs the reactor must undergo the washing step listed previously. A
glass encased magnet may be employed before the reaction vessel is sealed to facilitate
the distillation, but this step is left to the discernment of the experimentalist.
Once the distillation was completed the constriction was flame sealed between the
reactor and the purge section leaving a pristine reactor for the anionic polymerization to
proceed. At this point the heat seal constriction was allowed to come to room
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temperature and then the initiator break seal was broken and the initiator solution was
thoroughly mixed with benzene. The monomer break seal was then compromised and a
thorough mixing of the initiator, benzene, and monomer was conducted by agitation of
the reactor. (When using butadiene it is necessary to cool the ampoule with a rag dipped
in liquid nitrogen before fracturing the break seal. The vapor pressure inside this
ampoule is greater than that inside the reactor which can cause the breaker to be forced
into the constriction above the ampoule causing the glass to crack or break compromising
the entire reactor. Cooling the ampoule before fracture prevents the large difference in
pressures and ensures a much gentler addition of the monomer to the vessel.) At this
point the reactor was manipulated so that all of the solution was collected in the large
flask of the reactor. It is important that all of the solution be collected to one area of the
reactor or differing MW’s can be obtained because of differing concentration regimes
located within the reactor. The reactor was then left overnight to allow the
polymerization to occur.
Once the polymerization occurs, the living polymer solution can be kept for years
in this state as long as the glass apparatus is not compromised. At this point the solution
can be transferred to a transfer vessel that can be connected to another apparatus, or the
polymer can be terminated with the methanol ampoule. If the polymer is terminated, the
solution is precipitated into a beaker with methanol, usually ten times the volume of the
reaction solution. The methanol is also treated with small amount of butylated hydroxy
toluene (BHT) to prevent oxidation of the polymers.
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Fractionation
Polymer fractionation is complex and difficult to express. Simply described it is
the separation of a disperse polymer sample into narrow fractions that are representative
of the entire MW distribution. “Carrying out the precipitation process successfully
requires a certain degree of experience and is not free of arbitrariness.”[27] Every
fractionation that was carried out utilized a “downward” or “upward” fractionation or
some combination of the two in multiple steps. In the case of the polymers presented in
this dissertation, all fractionations where conducted using a solvent system of toluene and
methanol to perform the molecular weight separations. This solvent pair is useful in the
fractionation of isoprene, butadiene, and styrene polymers or combinations thereof.
The polymer that is in need of fractionation is dissolved in a “good” solvent at a
low concentration, usually not to exceed 5% by weight. A “good” solvent refers to a
solvent that is thermodynamically favorable for the polymer in this case toluene. This
represents a situation in which a polymer is in a swollen or in a dissolved state. During
the dissolving process a small amount of antioxidant is added to prevent degradation of
the polymer, in all of the fractionations performed BHT was added in an amount of 1.0
wt% of the polymer being dissolved. For example 10 grams of polyisoprene polymer
was dissolved in 1000 mL of toluene in a 2 L Erlenmeyer flask. This mixture was
allowed to stir until the entire polymer was dissolved. The amount of time is dependent
on the MW and may require the system to stir overnight or longer. Once the polymer
was completely dissolved, methanol, a thermodynamically “bad” solvent, was slowly
added to the solution while stirring until the solution became turbid. Sufficient time
should be allowed for the turbidity to dissipate before proceeding to the next step. The
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solution will begin to take on a slight blue color when the critical turbid point, also
known as the cloud point, is imminent. The slight fluorescent blue taken on by the
solution is due to the aggregation of the polymer in the thermodynamically stressed
solution. Once the cloud point of the solution has been reached the solution is slowly
heated to 350C. During the heating process another addition of methanol is added to the
solution, the amount of the aliquot is dependent on the amount of polymer present and the
experience of the individual. In most cases, 10 ml to 25 ml of methanol was added to the
solution. At 350C the solution should be clear and colorless. If too much of the “bad”
solvent was added the solution may not turn clear when heated to 350C. If this point may
not be reached, if this occurs toluene may be added to bring the solution back to clear and
colorless, this must be done very slowly as the addition of too much toluene will prevent
the phase separation from occurring.
To continue the fractionation process a separatory funnel is used. The funnel is
heated either by a heat gun or flame from a glass blowing torch. The heating is gentle in
nature and the desired final temperature is 350C or slightly above, it is important to not to
overheat the funnel or the solvent composition could be altered due to evaporation. It is
also important that the flask is not cooler than the solution as this can induce rapid
precipitation of the polymer. Once the solution has become clear the solution is
transferred to the separatory funnel and allowed to cool to room temperature overnight.
During the cooling process a two phase system develops, a sol phase and a gel phase.
The sol phase contains the lower molecular weight fraction of the polymer, while the gel
phase contains the higher molecular weight portion of the weight distribution. Careful
observation of the solution will confirm this process by noticing small gel phase particles
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precipitating to the lower portion of the separatory funnel. Once the separation is
complete, samples are taken from each phase and analysis of each of the phases is
performed by size exclusion chromatography. If the separation is not satisfactorily
completed in one step, the two phases can then be separated and further fractionation
steps can be taken. An example of the process taken to fractionate star polymers from
their arm counterparts can be seen in Figure 12. Although theory has been developed to
explain the fractionation process, experience and teaching by example is often necessary
to perform successful fractionations. Patience, trials, and experience usually result in
greater yields of the desired product.
Once the desired polymers were isolated, the polymers were precipitated in
methanol with a small amount of BHT added to the solution to prevent oxidation as
mentioned in previous steps. The polymers where then dried in a vacuum oven. In the
case of polystyrene samples, the oven was heated to 600C for one week to ensure the
removal of all residual solvents. In the cases of PI and PBD the oven was not heated and
the polymer was dried until the resulting polymer solids where clear and colorless. The
PI and PBD will maintain an opaque white color while containing a small amount of
solvent once precipitated. If sufficient drying was not achieved through the use of the
vacuum oven, the samples were then dried on the high vacuum line for an extended
period time to ensure removal of all residual solvent.
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Characterization
Size Exclusion Chromatography
Size Exclusion Chromatography (SEC) (also referred to as Gel Permeation
Chromatography (GPC)) is the work horse of the polymer chemist. Different SEC
configurations are useful for polymer characterization. The amount of different setups of
SEC instruments is infinite, so I will limit the different setups to the ones available to my
work. SEC employs the use of a high performance liquid chromatography pump and
SEC columns usually packed with stationary phase of porous cross linked polystyrene
beads. The porosity of the beads can be varied and tailored to assist in the evaluation a
particular MW. These beads are the fundamental source of the separation of polymers
by hydrodynamic volume. The separation is based on the size of the molecule and not
the chemical affinity to the substrate. As the polymer analyte moves through the columns
the larger MW polymer chains are unable to fit into the porous material, therefore the
larger chains move through the void outside of the porous beads. The smaller MW
chains can diffuse through porous substrate getting caught and consequently slowed by
the cross linked polystyrene. The larger molecules elute first; while smaller and smaller
molecules take more and more time to elute. The eluent used in all of my experiments
was THF and in certain cases THF with 5% triethylamine (TEA) was added to prevent
adsorption of material to the columns. (This is particularly useful for polymers
containing amines such as polyvinylpyridine or end functionalized polymers with amine
groups.)
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SEC is a relative MW weight determination that is based on calibration from
polymer standards. The standards used in these experiments were PS standards received
from Polymer Standard Services. The Easy Cal PS standards had molecular weight
ranges from 7.5 million g/mol down to 2,930 g/mol molecular weight. This set up was
used with 2 SEC columns from Polymer Standard Service (PSS). Linear S 5 μ 8 x 600
mm column and a SDV 100 Ǻ 8 x 600 mm columns were attached to a Knauer K-501
HPLC pump and two detectors a Knauer K-2301 RI detector and a Knauer K-2501
variable UV detector set at a wavelength of 255 nm.
An additional SEC instrument, a Polymer Laboratories (PL) GPC-120 equipped
with two PL-Gel 10 micron mixed B columns. Incorporated in the SEC was a Precision
Detectors PD-2040 two angle light scattering detector (15 0and 900) detector for
performing static scattering measurements. This system is sometimes referred to as a
SEC-TALS system. Online light scattering systems are particularly useful when dealing
with architectures that are not linear since the MW measurements are absolute and not
relative to traditional SEC calibration. The system was also equipped with a Viscotek
differential viscometer. The system is also able to perform Dynamic Light Scattering
(DLS) when the system is run at a reduced flow rate a minimum of (0.5 mL/min) and
higher concentration (10 mg/mL) to obtain better signal to noise ratio for the DLS
measurements. The solutions can be run at slower flow rates to obtain better DLS
measurements, but we find that a flow rate of 0.5 mL/min is sufficient to provide
reproducible data. All of the measurements for THF were performed at 400C. The THF
was either purchased pre-filtered from Fisher Scientific or filtered before use through a
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10 μm filter. The light scattering detectors were calibrated with a low polydispersity
50,000 molecular weight polystyrene standard.
Refractive Index Increment
The refractive index increment (dn/dc) value was measured on a Wyatt Optilab DSP
detector at a wavelength of 690 nm and temperature of 40 oC in THF. When using THF,
the THF must be left open to the atmosphere and stirred overnight. This allows a
maximum water saturation of the THF. The exact THF used to make the polymer
solutions should also be used as the mobile phase in the measurement. Taking these
precautions with THF provide better resolution when making a measurement. Low
molecular samples were needed to perform measurements in the instrument, especially
when measuring the refractive index of PBD. Molecular weights of PBD that were
measured were less than 20,000 g/mol in MW, due the fact that higher molecular weight
PBD clogged the instrument measurement cell and required the system to undergo a
thorough cleaning.
Nuclear Magnetic Resonance Spectroscopy
All Nuclear Magnetic Resonance Spectroscopy (1H NMR) was performed in
deuterated chloroform (CDCl3) either on a Bruker 300 MHz or Bruker 400 MHz NMR.
Proton NMR was used to examine the monomer repeat unit microstructures specifically
for the polybutadiene and polyisoprene polymers. The polybutadiene when polymerized
can undergo two types of addition. The 1,4 addition occurs when the polymerization
takes place in the absence of polar solvents or additives. The 1,2 structure is alternatively
accessible through polar solvents or additives. For polyisoprene there are three different
means in which the monomer can add to the back bone. The isoprene monomer can be
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polymerized through 1,4 addition (cis and trans) and 3,4 addition, the 1,2 addition does
not take place. The amount of 1,4 (cis and trans) and 3,4 addition occur in the same
manner as polybutadiene. The 1,4 addition occurs under non-polar conditions and the 3,4
addition occurs under polar reaction conditions. In this work, the proton NMR was used
to monitor the microstructures of the polymers that were synthesized. The proton shifts
for the double bonds in both PBD and PI provide the ability to define what kind of back
bone structure exists and whether those microstructures are cis and trans.
For polybutadiene, the 1H NMR signal at 4.9 ppm represents the pendent CH2=,
while the signal at 5.4 ppm contains both protons from the 1,4 addition, both cis and
trans, and also the pendent CH= from 1,2 addition.[11] For polyisoprene, the calculation
of the microstructure is much simpler. The pendent group from the 3,4 addition has a
signal at 4.8 ppm for the CH2= and the signal for the 1,4 addition is located at 5.2 ppm
which also contains both the cis and trans structures.[28]
NMR was also used to evaluate the extent of hydrogenation of some of the
polymer samples by integrating the C=C peaks in the region between 4 to 6 ppm and
comparing their values to the aliphatic proton peaks located from 1 to 3 ppm. This
comparison allowed the extent of hydrogenation to be calculated.
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3 arm Mikto Star

Comb Structure

Centipede Structure

Figure 1: Complex polymer architectures. Different colors represent possible
different polymer arms. For example red polystyrene, blue polyisoprene, green
polybutadiene.
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Figure 2: Vacuum Line
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Figure 3: Glass constriction (left) and breakseal (right).

43

Figure 4: Solvent container with benzene and living polystyrene anion present as an
indicator.
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Figure 5: Transferable solvent container with THF and NaK.
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Figure 6: Apparatus for distilling monomers.
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Figure 7: Apparatus for distilling styrene and high boiling reagents.
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Figure 8: Second apparatus for distilling styrene.
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Figure 9: Apparatus for synthesis of sec-butyl lithium.
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Figure 10: Apparatus for synthesis of DMAPLi.
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Figure 11: Photograph of all glass reactor.
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Figure 12: Fracationation GPC timeline
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Part 2
Synthesis and Characterization of Ω-Functionalized Multiarm
Star Branched Polyisoprenes and Poly(ethylene-co- Propylene)
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Introduction
Research in oil additives for lubricating technologies has increased exponentially
over the last two decades. The need for viscosity index improvers (VII) to generate a
more stable viscosity curve over a wider range of temperatures is the main goal of the
current research. In addition to viscosity enhancement for synthetic oils, the additives
may also provide additional improvements including antioxidant properties, dispersant
properties, and encourage film formation. There are four main types of VII’s used today,
ethylene-propylene diene monomers (EPDMs), styrene-isoprene copolymers (SIC),
styrene-butadiene rubber copolymers (SBR), and poly alkyl methacrylates (PAM).
The use of EPDMs is the focus of this study specifically polyisoprene (PI) and
poly(ethylene-alt-propylene) (PEP). PEP polymers have been studied extensively
because they exhibit no crystallinity and possess high degradation temperatures (~420oC).
Star polymers have been used as VII’s for some time due to the fact that star
polymers degrade differently from their linear counter-parts. Linear high molecular
weight polymers can serve as VII’s; however, under high temperature and high shear
conditions chain breakage can cause severe degradation in the molecular weight of such
additives. Conversely, polymers with star architectures can lessen the effect of chain
breakage on an oil additive. A star molecule can under go chain breakage and absorb a
large decrease in molecular weight and still maintain a higher viscosity when compared
to a linear polymer.[1, 2]
Evidence has been published showing that incorporation of amine functionalities
into the polymer VII, either through grafting or copolymerization, can provide dispersing
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qualities in an aliphatic oil system. The polymers that contain these functionalities
behave as detergents that help both remove and prevent the build up of sludge formation
in the engine. The incorporation of a polar compound can also significantly help the
formation of polymers with this type of behavior. [3-5]
Living anionic polymerization has been studied for many years and has been
researched extensively by Fetters and co-workers and as well as many other chemists[6-8].
Anionic polymerization affords the opportunity for well-defined complex architectures to
be created using a variety of electrophilic linking agents. A variety of functional groups
and protected anionic initiators can be utilized to create Ώ-functionalized polymers
through anionic polymerization[9, 10]. Ώ-functionalized star polymers are polymers that
have an end-functional group on the corona of the star. In this chapter we will examine
the synthesis of a series of PI and PEP polymers using anionic polymerization coupled
with chlorosilane and divinylbenzene linking chemistry.
Various star polymers have been synthesized in the past by Hadjichristidis and
coworkers.[11, 12] The star polymers synthesized by Hadjichristidis involved star
polymers with PI arms and varying chlorosilane linking agents. He utilized chlorosilane
linking agents that led to 8 arm, 12 arm, and eventually 18 arm stars. Roovers and
coworkers also synthesized star polyisoprene using chlorosilane linking agents to prepare
4 and 6 arm star material.[13] Chlorosilanes have proven to be a convenient method for
controlling the architectures of star polymers when used in conjunction with traditional
glass blowing techniques. However, one of the draw backs to utilizing the chlorosilanes
to synthesize many-armed star materials is the synthesis and subsequent characterization
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of the chlorosilane material. Stars having fewer arms are easily accessible due to the fact
that tri, tetra, and hexafunctional chlorosilane linking agents are commercially available.
Another convenient method for synthesizing polymer stars is the use of
divinylbenzene as the linking agent. [10, 14-17] The control of the number of arms is
related to the ratio of living anion chain ends to moles of DVB present to perform the
crosslinking.[18] Precise control is difficult because there is no established relationship
between the number of arms and the ratio of DVB to living chain end. Also controlling
the number of arms is more complicated than just controlling the ratio of DVB/anion
because the number of arms is also related to the molecular weight of the arm material
and the concentration of anion in solution. This method of star formation leads to
byproducts consisting of unreacted arm material and coupled arm material that must be
fractionated and removed from the final star material.
To synthesize the star polymers for this study a variety of techniques were
utilized; chlorosilane chemistry and DVB chemistries were employed.
Experimental
Materials
Isoprene (Aldrich), benzene (Aldrich), and hexane (Aldrich) were purified
according to techniques described by Morton and coworkers[6]. Divinylbenzene (DVB)
(a mixture of 85 wt% para and 10 wt% meta divinylbenzene isomers, Aldrich) was
distilled over CaH2 and subsequently dibutylmagnasium then diluted with hexane.
Methyltrichlorosilane (Aldrich) and 1, 6-bis(trichlorosilyl)hexane (Aldrich)
(hexachlorosilane) were distilled over CaH2 using a specially made short path distillation
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glass apparati for high temperature fractional distillation. The glass apparati were
silanated with trimethylchlorosilane (Aldrich) before use. The chlorosilanes were then
diluted with purified hexanes[8]. Dimethylaminopropylchloride (Aldrich) was purified
from CaH2 and ampoulized for synthesis of initiator. Xylenes (ACS reagent grade 98.5%
as xylenes and ethylbenzene, Aldrich), palladium on CaCO3 5% Pd, and palladium on a
matrix of activated carbon 5% Pd (Aldrich), were used without further purification. Trin-propyl amine (TPA) (Aldrich) was used as received from Aldrich. p-Toluenesulfonyl
hydrazide (TSH) was also purchased from Aldrich Chemicals and was recrystallized
from methanol and dried in vacuum for 24 hours at 40oC prior to use.
Instrumentation
Gel permeation chromatography (GPC) was used to determine molecular weights
and molecular weight distributions (Mw/Mn) of polymer samples with respect to
polystyrene standards (Polymer Standard Services (PSS)). The system included two
styragel columns, which are PSS 5μ styrene-DVB cross-linked columns (1 x linear and 1
x 100 Ä 60 cm columns). A Waters Model 510 pump, a LDC Milton Roy UV detector,
and a Waters Model 410 differential refractometer were used as the hardware. The
mobile phase for the system was tetrahydrofuran (THF) at a flow rate of 1 mL/min. 1H
Nuclear Magnetic Resonance (NMR) spectra of the polymers were obtained on a Bruker
AC-300 spectrometer using 5 mm o.d. tubes. Sample concentrations were about 25%
(w/v) in CDCl3 containing 1% TMS as an internal reference. Thermogravimetric
Analysis (TGA) was used to probe the degradation temperatures for the polyisoprene and
poly(ethylene-co-propylene). The TGA was a TA Instruments Hi-Res Modulated TGA
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2950. Differential Scanning Calorimeter (DSC) was utilized to record glass transition
temperatures for the polymers. The DSC was a TA Instruments Q1000. A Bruker 300
MHz NMR was used to characterize the saturation of the polyisoprene polymers.
Synthesis of 3-dimethylaminopropyllithium
The synthesis of dimethylaminopropyllithium (DMAPLi) was performed under
vacuum by the reaction of dimethylaminopropylchloride with lithium metal. The
DMAPLi was ampoulized and diluted with benzene. A detailed account of the synthesis
was written by Pispas and co-workers[19]. A sample of the product was extracted and
terminated with methanol then characterized using mass spectrometry. Two ampoules
were sacrificed to determine the concentration of the initiator. The first ampoule was
hydrolyzed then titrated with a HCl solution to determine the concentration of the
initiator. The amount of HCl used was twice the concentration of initiator due to the
amine group present in the formation of the HCl salt. Therefore the concentration of the
initiator was equivalent to the amount of HCl used divided by two. The second ampoule
was used to perform a test polymerization with a known amount of isoprene to determine
the amount of active initiator. The calculation for moles of initiator was made using the
following equation:
Moles initiator = grams of monomer/Mn

(1)

Mn is the number average molecular weight recorded from GPC. These two methods of
determining the concentration of DMAPLi initiator coincided with one another once the
data from the GPC had been corrected to account for the hydrodynamic volume of
polyisoprene.
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Polymer Synthesis
All of the polymerizations were carried out under high vacuum in all-glass sealed
reactors with glass break seals and constrictions. The reactors were purged with
butyllithium and the reactions were performed in benzene at room temperature with an
approximate concentration of 5% w/v solutions. DMAPLi was used as the initiator in all
polymers. The anionic techniques and solvent purifications have been illustrated in
previous papers by Morton and Hadjichristidis[6, 8]. All of the polymers were of
sufficient molecular weight that the DMAPLi did not affect the microstructure of the
polyisoprene (PI) to a great extent. All of the polymers had approximately 80% 1,4addition and 20% 3,4-addition determined by 1H NMR.
Linear Polymer
Linear PI was synthesized and terminated with degassed methanol.
Three-Arm Star
The three-arm star was synthesized by utilizing chlorosilane chemistry.
Methyltrichlorosilane was added to a twenty percent excess of living linear PI anions, the
excess amount drives the reaction because of the low concentration of living chain ends.
The excess arm was terminated with degassed methanol. Methanol was used to prevent
coupling of the living chain end, and to make fractionation of the product simpler. After
the addition of silane, the pale yellow color of the PI anions immediately changed to
colorless. The linking process was very slow and took place over three weeks and was
monitored with GPC to determine completion of star synthesis.
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Six-Arm Star
The six-arm star was synthesized in the same manner as the three-arm star. 1, 6bis(trichlorosilyl)hexane was added to generate the star in this case. The reaction scheme
is described in Figure 1.
Multiarm Star
The multiarm star was synthesized using DVB as a linking agent. The DVB was added
to the living linear PI anions in a ratio of DVB/PI-Li ≈ 37/1. An immediate color change
was observed; the pale yellow color of the living PI changed to an orange color and
intensified over the next 20 minutes. The polymer was consequently terminated with
methanol after 4 days of linking time[20].
All of the polymers were precipitated in a large excess of methanol and stabilized
with butylated hydroxytoluene (BHT). The star polymers were fractionated using
toluene/methanol as the solvent/non-solvent mixture, being careful to add more BHT
with each ensuing fractionation to prevent oxidation of the polymer. The fractionation
was monitored with GPC. The final polymers were divided and half of each polymer was
subsequently hydrogenated.
Hydrogenation
Diimide Method
A variety of hydrogenation methods were attempted on the polyisoprene linear
and star polymers. An ambient pressure procedure using a Toluene Sulfonyl
Hydrizide/Tripropylamine (TSH/TPA) was used to generate the diimide species which is
the hydrogenating species. This reaction was chosen because the diimide method does
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not require the use of a Parr reactor. The reaction was carried out on the linear
polyisoprene material sample PI Linear in a 500 mL round bottom flask which was fitted
with a magnetic stirrer and a reflux condenser, a thermometer, and a nitrogen inlet
stopper. A purge of nitrogen gas was introduced at the inlet and allowed to exit through
the top of the condenser via a bubbler filled with mineral oil. 5 grams of linear
polyisoprene was introduced into the flask with 300 mL of xylene. The polymer and
xylene were stirred overnight to ensure complete dissolution of the PI in the xylene.
22.0g of TPA and 27.4g of TSH were added to the polymer solution. The amount of
TSH/TPA provided a molar ratio of two TSH per site of unsaturation in the PI. An
antioxidant was added to prevent oxidation of the polymer during the hydrogenation
process: 2 grams of Irganox 1010 was introduced into the reactor. The TSH is only
slightly soluble at room temperature but upon heating the mixture becomes clear and
colorless. The reaction vessel was then heated to reflux and allowed to proceed once the
xylene had been refluxing for 4 hours. During that time the solution developed a dark
burgundy color. This color evolved slowly over the time of the reaction from a clear
solution, to a light yellow, proceeding to an orange solution that finally deepened into the
dark red color. After the reaction proceeded for 4 hours it was allowed to cool to room
temperature and then was washed with two 250 mL portions of deionized water to
remove the aqueous soluble byproducts. The remaining organic solution was filtered
through Celite to remove the solid material in the reaction. The resulting polymer was
precipitated in an excess of methanol with BHT added to provide protection against
oxidation. The resulting polymer was dried under vacuum overnight at 40oC to remove
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any excess solvent. The polymer was then evaluated by proton NMR and GPC to
evaluate the extent of hydrogenation and examine the molecular weight of the polymer.

Palladium/Carbon Method
Two different methods of high pressure hydrogenation were attempted on the PI
samples. The first high pressure hydrogenation attempted involved 5% Pd by weight on
activated carbon. Five grams of polymer were dissolved in 250 mL of xylene and
introduced into a high pressure Parr reactor fitted with a glass insert. An equal amount of
Pd on carbon to polymer was used to perform the hydrogenation (5 grams). A small
amount of BHT was added to the solution to protect against oxidation. The amount of
BHT was less than 1% by weight of the entire solution. The Parr reactor was sealed and
promptly purged with hydrogen gas three times to a pressure of 400 PSI to ensure a clean
hydrogen atmosphere in the reactor. The reactor was then charged to a pressure of 700
PSI and heated to 80oC for 24 hours. At the conclusion of 24 hours, a sample of the
polymer was taken and filtered through a 5 μm disposable syringe filter to remove the Pd
on carbon. At this point proton NMR was performed to determine the extent of
hydrogenation, if hydrogenation was not greater than 95% complete the reaction was
resealed and purged again and run for a subsequent 24 hours. During subsequent
attempts at hydrogenation the solution was heated to 160oC to try to facilitate the reaction
progress. This process was repeated until the hydrogenation was completed. The
polymer was isolated by filtering the solution through a Celite pad by vacuum filtration.
The resulting polymer was precipitated in methanol and dried under vacuum for 24 hours.
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Palladium/Calcium Carbonate Method
The third method of hydrogenation was similar to the method with Pd on carbon,
but in this procedure Pd on CaCO3 was utilized. Again equal amounts of Pd on CaCO3, 5
grams of the catalyst and 5 grams of PI were introduced into the Parr reactor. The reactor
was purged with hydrogen and then the reaction was run for 24 hours at which time a
sample was taken and proton NMR was performed. If the hydrogenation was not
completed the resulting reaction was re-purged and run for an additional 24 hours. As
described in the previous reaction, the reaction was heated to higher temperatures upon
the second and third reaction cycles of hydrogenation. The final solution was also
filtered through a Celite pad under vacuum filtration to remove the catalyst. The polymer
was then precipitated in methanol and dried under vacuum.
Results
Nuclear Magnetic Resonance Spectroscopy
An NMR study of the synthesis of the PEP polymer was used to determine the percent
hydrogenation of the PI. Most of the polymers were hydrogenated to greater than 95%
except for the polymer linked using DVB. DVB-PI polymer is harder to hydrogenate
because of steric hindrance located around the DVB micro-gel core of the polymer. A
micro-gel core is created during the cross-linking reaction of DVB, this gel core if larger
would be difficult to get into solution. (A highly cross-linked material that has
significantly high amount of cross linking will not be soluble in any solvent, the polymer
may swell but is never completely soluble, hence the term gel is applied to these types of
materials.) Since the core is surrounded by the arms of the star, the multiarm star is
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easily soluble. The micro-gel core that is created limited the extent of hydrogenation to
90% saturation. An example of the NMR before and after hydrogenation can be seen in
Figure 3. Also in the NMR, the microstructure of the PI was examined by integration of
the olefinic peaks around 5 ppm. The integration of the peaks seen in Figure 3 at 5.1 and
a small peak at 5.4 ppm represent the 1,4 ppm cis and trans microstructure of the PI,
respectively. The doublet at 4.8 ppm represents the 3,4 addition of the monomer.[21]

2[3,4addition]
I (4.8 ppm)
=
I (5.4 ppm) + I (5.1 ppm) [trans − 1,4] + [cis − 1,4]
[trans − 1,4] + [cis − 1,4] + 2[3,4addition] = 1

(2)

Using the equation 2 the amount of each type addition can be calculated. In this case I is
the intensity or area of the NMR signal which corresponds to the # ppm of that
signal.[21] The extent of hydrogenation was calculated by comparing the areas of the
double bond peaks to the aliphatic proton peaks from 1 ppm to 2.3 ppm, this ratio gave
the extent of hydrogenation. The typical microstructure of anionically polymerized PI in
the absence of a polar solvent is: ~10 wt% 3,4 addition, ~70 wt% cis 1,4 addition, and ~
20 wt% trans 1,4 addition of the monomer unit.[6] In all of the samples that were
synthesized the microstructure was approximately 80% 1,4 addition and 20% 3,4 addition.
This result is typical of the DMAPLi initiator.[19, 22] The DMAPLi serves as its own
polar additive which provides a benefit and restriction. The benefit of the DMAPLi
serving as its own polar additive is that a fast initiation occurs because the Li anion
aggregation is disrupted by the amine. The disruption in aggregation makes the
monosubstituted carbanion react faster with the first PI monomer unit and subsequent
monomer units. The restriction of this type of initiator is that the microstructure of the
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polymer can only be controlled to the extent of the concentration of the initiator in
solution. Pispas and coworkers showed that varying the MW of PI which causes
variation in concentration of the DMAPLi initiator corresponds to changes in
microstructure distributions.
Differential Scanning Calorimetry
DSC was performed on all of the samples to determine the glass transition temperature
(Tg) and to check for any crystalline regimes in the polymer. All of the polymers
exhibited glass transition temperatures consistent with the literature value of -61.2°C for
100% 1,4 cis PI and -59.6°C for 80% 1,4 cis and 20 % 3,4 addition PI.[23] The measured
Tg for the PI and PEP samples were clustered around –59°C. No crystallinity was
observed for any of the PI or PEP samples. Crystallinity would be expected in linear
polyethylene, but the presence of the methyl group on the propylene unit and also the
added amount of 3,4 addition in the polymer back bone prevents any crystallinity from
being observed
Thermal Gravimetric Analysis
TGA was run on all of the samples. The PI samples and PEP samples were found to be
similar. The PI samples were all found to have an onset degradation point of 352°C,
while the PEP samples had an onset degradation temperature of 424°C. Hydrogenation of
polyisoprene greatly increased the thermal stability of the polymer, so that the new
degradation temperature was ~75°C higher.
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Gel Permeation Chromatography
GPC was utilized to monitor the linking process and isolation of the final products. This
can be seen in Figures 2 and 4. A small tail can be seen in the peaks of the polymers
synthesized by DMAPLi. The small tail in the GPC is due to the amine group
interaction with the GPC column substrate. The effect can be dampened by running the
GPC with a small amount of triethylamine added to the THF eluent, usually 5% by
volume.
Discussion

Hydrogenation of the samples proved to be a difficult step in the synthesis of PEP
stars. The diimide, hydrogen free procedure for hydrogenation proved to be a poor
reaction for anionically prepared polymers. The low polydispersity achieved by anionic
polymerization provides a reasonable method for looking at the stability of a polymer’s
MW distribution. Hahn from the Dow Chemical Company has performed
hydrogenations of PI using the TSH/TPA diimide method of hydrogenation and seen
degradation of polymer chains.[24] In our experiments with linear DMAPLi initiated PI
we also observed degradation in the dispersties of the polymer. The linear polymerized
PI degraded from a polydispersity index (PDI) of 1.07 to a PDI of greater than 1.5. Even
though saturation of the olefin bonds using the diimide process is almost 100% efficient
for polybutadiene (PBD), the same was not observed for polyisoprene. Efficiencies of
60% to 70% were achieved for PI. Luo reports diimide hydrogenation efficiencies of PI
higher than 90%.[25] The efficiency of saturation we observed agreed with Hahn. The
degradation of the polymer backbone is too great to achieve the desirable products when
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using anionic polymerization. Even though Hahn has explored different ratios of diimide
to olefinic bonds, degradation was still observed. Due to the ill effects of this type of
hydrogenation alternative, high pressure methods were used to saturate the PI polymers.
The effects of the diimide hydrogenation were not explored on the polymers containing
the silane linkages due to the fact that a limited amount of star material had been
synthesized and isolated.
In my previous work with PBD, successful hydrogenation of the polymer was
achieved using 5% Pd on activated carbon. Hydrogenation of PBD with Pd on carbon
has also been reported by others[26, 27] Equal amounts of catalyst and polymer were
used when hydrogenating PBD; however, PI is slightly different in structure when
compared to PBD. In PBD the double bond is di-substituted, and in PI the double bond is
tri-substituted. The steric hindrance of the methyl group on the PI monomer unit makes
hydrogenation a great deal more difficult. The hydrogenation of PI is not successful with
Pd/C catalyst. Little or no hydrogenation was observed for linear and star material. The
polymers were hydrogenated less than 10% even after high temperatures and reaction
times lasting 72 hours. The large particle size of the heterogeneous catalyst is possibly
the reason the hydrogenation of the material is not successful. The Pd/C particles are
visually larger than that of Pd on CaCO3; therefore, this method of hydrogenation was
dismissed for the hydrogenation of PI polymers.
Hydrogenation with Pd on CaCO3 was successful as demonstrated in Figure 3.
The amount of saturation is evident due to the departure of the NMR signals between 4
and 6 ppm. The polymers were completely saturated after 48 hours of the reaction.
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During the hydrogenation of the three and six arm stars, long reaction times, compiled
with high pressure and temperature, caused reformation of the arm. This can be seen in
the GPC traces in Figure 4. The reformation of the arm is clearly visible by the bimodal
peaks. The lower MW peak corresponds approximately to the initial arm material in
molecular weight and polydispersity. The variation in MW from the original arm
material is due hydrogenation of the PI which causes a shift in the GPC to a slightly
higher MW peak. This shift was also seen in the DVB star that did not degrade during
the hydrogenation process. The small shift can be seen in Figure 2.
Attempts to fractionate the bimodal material for the three and six arm stars were
unsuccessful. The toluene/methanol solvent/non-solvent pair was inadequate to perform
the fractionation. The fractionation solutions never separated fully and the polymer
coated the inside of the separatory funnel instead of forming a phase-separated material.
The reformation of the arm demonstrates that the change in MW is due to the silicon
carbon bond being cleaved. Cleavage of silicon-carbon bond is further verified by the
fact that the DVB star polymer and the linear PI’s molecular weight and distribution did
not change when exposed to the same reaction conditions.
Conclusions

Through coupling chemistry using chlorosilanes and cross-linking chemistry
using DVB, different types of star PI have been synthesized using anionic polymerization.
The synthesis and characterization of PI and PEP polymers have been performed using
TGA and DSC to probe the thermal stabilities and glass transition properties. We expect
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significant advantages in the use of the PEP polymers as VII’s due to their high onset
degradation temperature.
Initially the hydrogenation of the samples proved to be challenging due to
degradation during the reaction. We believe that the diimide process of hydrogenation is
not sufficient to use on anionically prepared polymers due to significant increases in the
polydispersities of our polymer samples. The successful hydrogenation of PI was due to
smaller particle size of the Pd on CaCO3 catalyst when compared to Pd on activated
carbon. Pd on activated carbon was adequate to hydrogenate PBD in previous work due
to the fact the olefinic bond is more sterically accessible than PI. We believe that Pd on
CaCO3 would also be a good alternative method for the hydrogenation of PBD since
particle size is not an issue with PBD. The hydrogenation of the PI samples with Pd on
CaCO3 has proven to be the best method for the hydrogenation of the narrow disperse PI
polymers in our research. The methyl group attached to the isoprene repeat unit limits
the access of the larger Pd on carbon catalyst. Hydrogenation of PI using a homogenous
catalyst should provide a better method of hydrogenation than heterogeneous catalyst due
to the hindered olefinic bond.
The goal was to obtain well-defined polymers; which is the main reason that
anionic synthesis was chosen for this particular project. A well defined PEP star polymer
and linear PEP material functionalized with amine end-groups should provide some
insight into the world of VII’s. The use of Pd on CaCO3 with much shorter reaction
times coupled with lower temperatures should assist in the isolation of PEP star polymers
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and prevent the degradation during the hydrogenation process for stars linked with
chlorosilanes.
The polymers synthesized during this project show promise as VII’s due to their
well defined nature, and higher degradation temperatures then VII’s containing olefinic
bonds. Correlation of viscosity properties with molecular weight and structure should
provide insight into producing a better quality VII. Further studies will be performed
using the polymers synthesized during this project to probe viscosity properties in
synthetic oils, such as synthetic oil PAO4 from Castrol.
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Figure 1: Reaction scheme for linear PI and PI star synthesis.
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Figure 2: Conventional GPC traces of the linear PI and star PI before and after
hydrogenation
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a) Linear polyisoprene
after hydrogenation with
Pd/CaCO3

b) Linear polyisoprene
before hydrogenation
1,4 cis addition
3,4 addition
1,4 trans addition

ppm
Figure 3: NMR of linear PI before and after hydrogenation. The hydrogenation of
this material was carried out using Pd on CaCO3. Note that there are no residual peaks
in the 4 to 6 ppm region after hydrogenation.
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Figure 4: GPC traces of 6 arm PI before(top) and after(bottom) hydrogenation.
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Table1: PI and PEP samples examined by convention GPC and online light
scattering GPC.

Conventional GPC
Sample
PI Linear
PI 3 arm
PI 6 arm
PI multi-arm

PI Arm Material
111,000
101,000
106,000
111,000

Mw/Mn
1.07
1.06
1.05
1.07

PEP Linear
PEP 3 arm
PEP 6 arm
PEP multi-arm

---------------------------------------------

---------------------------------------------

Star Mn
Mw/Mn
------------ -----------216,000
1.09
353,000
1.09
709,000
1.16
114,000
Bimodal
Bimodal
789,000

1.08
----------------------1.16

GPC with Online Light Scattering
Sample
PI Linear
PI 3 arm
PI 6 arm
PI multi-arm

PI Arm Material
70,000
58,000
61,000
69,000

PEP Linear
PEP 3 arm
PEP 6 arm
PEP multi-arm

---------------------------------------------

Mw/Mn
1.07
1.06
1.06
1.07

Star Mn
Mw/Mn
------------ -----------186,000
1.03
335,000
1.03
1,230,000
1.05

------------ ------------ ----------------------- Bimodal ----------------------- Bimodal ----------------------- ------------ ------------
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Part 3
Characterization of Model Branched
Polymers by Multi-Detector SEC in Good and Theta Solvents
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Introduction
Size exclusion chromatography (SEC) has proven to be a valuable tool for
characterization of polymers since its beginnings in the 1960’s[1]. Conventional SEC
employs calibration with linear standards, most commonly narrow molecular weight
distribution (MWD) polystyrene (PS) standards since materials covering an extremely
broad range of molecular weights may be purchased from commercial vendors.
Conventional calibration curves thus generated are strictly valid only for linear PS and
will generate erroneous results if applied to other linear polymers, or to branched
polymers, including PS. An important breakthrough in SEC calibration was the discovery
by Grubisic et al. that SEC separates on the basis of hydrodynamic volume[2]. These
workers demonstrated that data plotted in the form of log ([η]M) versus VR, where [η] is
intrinsic viscosity, M is molecular weight, and VR is retention volume, fell on a single
curve for different polymer types and for different branched architectures and
copolymers. Thus, if data on intrinsic viscosities are available for polymers being
analyzed, the PS standard calibration can be converted to a universal calibration curve
that will give accurate molecular weights. SEC universal calibration is important and
widely used but somewhat controversial. Theory and simulations assume a
thermodynamic separation principle for SEC based on the fact that hydrodynamic factors
have little effect on molecular separation. Thus most theories use the radius of gyration
Rg as the relevant size parameter. However, recent work by Sun et al. and Teraoka have
shown that the hydrodynamic radius (RH) correlates better with elution behavior of
branched molecules than does Rg[3, 4].
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The use of on-line viscometers and on-line light scattering detection has become
popular in recent years, spurred by advances in instrumentation and computer
interfacing[5-7]. The use of the viscosity detector facilitates universal calibration;
whereas light scattering detection can be used to directly measure the molecular weight
of eluting fractions (calibration of the SEC is not required). Furthermore, whereas
classical characterization of dilute solution properties required fractionation in order to
obtain narrow molecular weight fractions with which to explore solution properties, the
combination of light scattering and viscometry with SEC allows for the various fractions
of a polydisperse sample to be characterized in a single injection[8, 9].
Recent developments have led to two-angle laser light scattering (TALLS)
detectors (150 and 900) capable of performing both static and dynamic light scattering
measurements on-line[10-12]. This progression in online measurements have allowed for
improved characterization of polymers by investigating a number of different parameters.
The ρ-ratio (ρ = Rg/RH) provides information on the shape and conformation of linear and
branched polymers in solution, in both good and theta solvents[11]. In terms of branched
polymers, the g parameter[13] is defined as the ratio of the radius of gyration of the
branched molecule relative to that of the linear molecule of the corresponding molecular
weight.

g = <R2g>b/<R2g>l

(1)

The g parameter will always have values < 1 for a branched polymer, reflecting the
smaller dimensions of branched species. In a similar manner, the g’ contraction
parameter is defined as the ratio of the intrinsic viscosity of a branched molecule
compared to that of the linear molecule of the corresponding molecular weight[9, 14].
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g’ = [η]b/[η]l

(2)

These two branching parameters are related by a factor ε:

g’ = gε

(3)

Zimm and Kilb predicted the value of ε to be ½ for star polymers[15], but there is still
much debate about the value of ε for different branched architectures and whether the
parameter is universal for all branched polymers [14]. A knowledge of the value of ε is of
practical importance since Rg is often difficult to measure for branched polymers due to
their smaller sizes and the corresponding lack of angular dependence of the scattering
intensity. The intrinsic viscosity, however, can be measured accurately down to very low
molecular weights, but knowledge of the dependence of g’ on structure is not developed
quantitatively as it is for g. Another important point is that the calculations used to derive
the g branching parameter are based on the Gaussian coil approximation, which is closely
approximated under theta solvent conditions[13]. However very few SEC experiments
are run under theta conditions, where polymer adsorption on the stationary phase is a
problem, but instead are nearly always carried out under good solvent conditions[16, 17].
In this study, Rg, RH, and intrinsic viscosity data were generated via multi-detector
SEC for regular comb and centipede polystyrenes in both a thermodynamically good
solvent (tetrahydrofuran, THF) and a theta solvent (trans-decalin). These data allow a
comparison of the various methods for generating SEC universal calibration curves. In
addition, these data are used in deriving the value of the ε parameter for these model
multi-branched polymers and in computing values of universal dilute solution
parameters.
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Experimental
Synthesis
The centipede and comb polymers used in this study were synthesized using
anionic polymerization. The centipede polystyrene samples were previously prepared by
Iatrou et al[18], while the comb polystyrene was previously synthesized by Nakamura et
al[10]. A detailed account of the synthesis has been described in these papers and is
summarized in Figures 1 and 2 (All figures are located in the appendix at the end of this
part of the thesis). The broad molecular weight linear polystyrene sample used in this
study was a commercial sample obtained from Aldrich which had a reported broad Mn of
280,000 and a polydispersity of 2.4.
Characterization
SEC investigation of the samples under good solvent conditions was performed in
HPLC grade THF (obtained from Fisher Scientific) at a flow rate of 1 mL/min. The SEC
unit was a Polymer Laboratories (PL) GPC-120 equipped with two PL-Gel 10 micron
mixed B columns. Incorporated in the SEC was a Precision Detectors PD-2040 two
angle light scattering detector (15 0and 900) detector for performing static and dynamic
light scattering (DLS) measurements. The system was also equipped with a Viscotek
differential viscometer. The system was run at a reduced flow rate (0.5 mL/min) and
higher concentration (10 mg/mL) to obtain better signal to noise ratio for the DLS
measurements. All of the measurements for THF were performed at 400C. The light
scattering detectors were calibrated with a low polydispersity 50,000 molecular weight
polystyrene standard. The refractive index increment (dn/dc) value used was 0.184 cm3g85
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; measured on a Wyatt Optilab DSP detector at a wavelength of 690 nm and temperature

of 40 oC. The Rg data and molecular weight data were obtained using the Discovery 32
software from Precision Detectors. The DLS correlation data was obtained using
Precision Acquire 32 software in conjunction with the Discovery 32 software from
Precision Detectors. The data obtained from TALLS and multi angle laser light
scattering (MALLS) data has been compared in recent literature and errors associated
with TALLS data and the calculation of has Rg been reported as less than 2% over a
broad molecular weight range.[12]
The SEC characterization of the samples under theta conditions was performed on
the same instrument with a slightly different configuration. The theta conditions chosen
were trans-decalin (TCI America) at 21-220C, and the detectors were maintained at this
temperature. The columns were heated separately in an Alltech 330 Column Heater to
1100C to obtain good solvent conditions preventing adsorption of the PS samples onto the
columns. trans-Decalin has a high boiling point which allows for the higher temperatures
to be maintained during the separation process and prevent adsorption[19-21]. This
system was also run at a slower rate and higher polymer concentrations in order to obtain
the DLS data. Multiple samples were run to determine the flow rate necessary to obtain
reliable DLS data. Since DLS is dependent on the correlation function of a given
solution, a slower flow rate of the GPC instrument allows for better correlation functions
to be examined. Slower flow rates allow more data points to be measured, opposed to the
situation where the flow rate is fast and the amount of time the sample is in the detector
volume is much smaller. Therefore the slower flow rate was necessary in order to obtain
more data points than faster flow rates, to obtain a similar amount of data points taken
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during the Rg measurement. The signal to noise ratio for DLS data is dependent on with
GPC flow rates. A study was conducted in which a stop flow study was performed with
varying correlation time function were measured and compared to data obtained from
flowing DLS measurements and the error was less than 5% between stop flow
measurements and flow mode measurements.[11] The detectors were also calibrated
with the same polystyrene standard. The dn/dc value used for the theta condition was not
needed for the TALLS system because we calibrated the system with the polystyrene
standard.
Results and Discussion
Molecular characteristics of the polymers used in this study are presented in Table
1. Using the chosen synthetic strategies, well defined polymers with fixed spacing
between branch points and fixed branch lengths were achieved. The synthetic strategy
involves the synthesis of a branch polystyrene and end-capping the branch polymer with
a chlorosilane linking agent such that only one or two active sites are reacted as is the
case with the comb polymer and centipede polymer respectively. Once the branch
polymers have been capped with the linking agent another polystyrene polymer was
synthesized with a difunctional lithium initiator that has been described in an earlier part
of this dissertation. This is where the so called “condensation reaction” or step growth
polymerizations takes place. The polystyrene polymer with two living chain ends is
slowly allowed to react with the chlorosilane capped polymers. The difunctional
polystyrene becomes the back bone of the polymer and the initially synthesized
polystryenes capped with chlorosilanes become the branches. So in the case of a comb
polymer there is one branch point between each back bone spacing and there are two
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branches at each point between the centipede back bone spacing. Also an advantage of
the method is the ability to create samples that contain many species having different
numbers of branch points, resulting from the final step-growth polymerization process
that connects the backbone segments and side chains. Thus, in SEC the polymers are
effectively fractionated according to their degrees of branching, with higher molecular
weight polymers having larger numbers of branch points eluting first, followed by lower
molecular weight polymers having fewer branch points. Thus, data on a variety of
different branched species may be obtained in a single SEC experiment.
Radii of gyration for these polymers in THF and in trans-decalin at the theta
temperature using multi-detector SEC and the instrumentation and methods described
above have been previously reported by us[12]. In this work it was demonstrated that
two-angle light scattering generates Rg and M values essentially identical to those
generated using a 16-angle instrument. Furthermore, the power law exponents for linear
PS in the two solvents exhibited their expected values, and branched specimens exhibited
reduced radii of gyration relative to their linear counterparts.
Figure 3 shows a double logarithmic plot of the hydrodynamic radius versus the
molecular weight for branched and linear PS samples in THF. The power law
relationship for the linear sample falls within range compiled by Fetters et al[22]. In this
study we observed

RH = 1.90 x 10-2 M 0.544

(4)

RH = 1.44 x 10-2 M 0.561

(5)

compared with [22]
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This agreement confirms the validity of the method, although it is clear that there is
scatter in the data at the high and low molecular weight ends of the distributions,
reflecting their lower concentrations. In general, the scatter is greater for on-line DLS
data as compared to online static light scattering and intrinsic viscosity data. The data for
on-line DLS measurements is a time dependent measurement so slower flow rates
generate more data points. As stated earlier, real time measurements for static light
scattering and viscosity provide more data at faster flow rates as opposed to the DLS
data. This is why more scatter is shown in DLS measurements.
The data for the branched polymers may also be fit by power laws. Clearly, these
data fall below the line for the linear material, and this deviation is larger as the percent
mass in the polymer side chain is increased. Also centipede sample g40-25 curve
coincides with the comb sample CS25-35 curve, reflecting the fact that, although one has
a single branch at every branch point while the other has two branches at each branch
point, each sample contains similar weight fraction of side chain.
These trends correlate well with the viscometry data (Figure 4). Again, the power
law plot of the viscosity correlates well with data by Fetters and coworkers for linear
polystyrenes:

[η] = 1.21 x 10-2 M 0.718

(6)

[η] = 9.96 x 10-3 M 0.734

(7)

compared with [22]
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As with the DLS data, the viscosity data for the branched polymers may also be well fit
by power laws and the same branching trends are followed. For samples having a greater
proportion of their mass in the side chain, the departure from the linear PS line increases
reflecting their smaller sizes. The data for the centipede sample g40-25 curve again
coincides with that for the comb sample CS25-35 which has the similar portion of its
mass in the side chains. It is also obvious that the data obtained by on-line viscometry
show less scatter than data obtained via DLS; nevertheless, the trends in the data are the
same.
In Figure 5 the RH data under theta conditions are summarized. It must be noted
that we have assumed the theta temperature for the branched polymers to be the same as
that for linear PS, and this assumption may not be strictly true although differences would
be expected to be small. The linear sample gives a power law relationship of

RH = 4.09 x 10-2 M 0.451

(8)

where the exponent is slightly smaller than the value of ½ expected in a theta solvent.
The branched samples follow the same trends as in the good solvent. Unfortunately we
were unable to obtain reproducible viscometry data, apparently due to adsorption of the
polymer on the capillary giving spurious data. A viscometer constructed of a different
capillary material may provide a solution to this problem.
Since values of both g’ and g were obtained for the samples in the good solvent,
THF, we can calculate the exponent ε for these comb and centipede samples. In Table 2
we summarize the values calculated for polymers having regularly spaced branch points
in this study and compare them with values reported previously for combs having
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randomly spaced branch points [14, 23-25]. We report a range of ε values because ε
changes slightly as the molecular weight changes in our samples. Recall that the number
of branch points increases as the molecular weight of the polymer increases for these
polydisperse specimens. As molecular weight is increasing the chain is changing its
characteristics by becoming stiffer. It is not possible to plot ε with molecular weight due
to the fact that the molecular weight is increasing in distinct molecular weight steps
where the architecture is changing from step to step. This becomes more evident in the
parameter Φ described in the next equation. It is clear from Table 2 that a value of ε of
approximately 0.9 is a good fit for all of these multi-branched polymers. Interestingly,
values of about 0.9 have also been determined for randomly branched poly(methyl
methacrylate) in the good solvent THF[9]. Furthermore, our present results also find good
agreement with theory reported by Berry, who suggested that as the fraction of monomer
units in the backbone increases for a range of the number of branches per molecule that ε
tends towards unity[26].
The availability of both thermodynamic data and thermodynamic parameters for
the model branched polymers also allow us to compute various “universal ratios”. The Φ
parameter, also known as the Fox-Flory factor was originally derived to be independent
of polymer structure, but has shown to fluctuate with varying architecture.

M [η] = 63/2ΦR3g

(9)

The Φ parameter is often called a universal constant, but in reality its value depends on
architecture, local solvent conditions and local structure[27]. In Figure 6, we plot the
experimentally determined Φ values as a function of molecular weight of the polymer
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samples. We obtain a value for the linear material that corresponds with the literature
value of 1.8 x 1023 mol -1 which is for polymers in a good solvent, approximating the case
of polystyrene in THF[8]. It is interesting that the curves of g40-25 and CS25-35 also
correspond with one another, as they have in the previous Figures1-4. It is evident from
the plots that the Φ is changing with the changing architectures of each sample and is not
constant. Φ increases with the percent mass in the arms.
The ρ parameter is the ratio of the radius of gyration to the hydrodynamic radius
and is expected to exhibit values of 1.2-1.5 for a linear random coils and 0.775 for a hard
sphere[28]. In Table 3 measured values of ρ for all the samples are compared in good
and theta solvents. The values for linear PS are in the expected range, and as the relative
amount of mass in the side chain of the branched polymers increases ρ exhibits lower
values, smaller than that for linear coils and approaching hard sphere behavior which has
been observed for highly branched species like many-armed stars[29].
The Flory-Scheraga-Mandelkern β parameter

β = (M[η]/100)1/3/[f]

(10)

exhibits values that decrease slightly from the linear chain theta solvent value (2.27 x106
mol-1/3) with improved solvent quality and branching. We find values of 2.0x106 for
linear PS in THF and values of 1.8-1.9x106 for the regular combs and centipedes in THF.
These values are close to the value of β = 2.05x106 reported for many armed stars in a
theta solvent[30].
In Figures 7-11 we use the various data obtained to construct “universal
calibration curves”. Figure 7 is a plot of the universal calibration curve based on
hydrodynamic volume ([η] M) in THF for all the polymers used in this study. The plot
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was generated from the measured values of MW and the corresponding viscosity for the
slice of data measured during the GPC injection. While there is some scatter in the data,
this plot appears to be effective for reducing data for branched and linear polymers to a
common calibration curve. This corresponds to the theory proposed by Teraoka, that
states RH correlates better to the interstitial volumes present in the GPC column more so
than Rg.[4] In Figures 8 and 9, we compare, respectively, the plots of Rg and RH versus VR
of the polymers in the good solvent THF. While neither plot is as good as the standard
hydrodynamic calibration plot, clearly RH does a much better job than Rg of reducing the
data for linear and branched polymers to a common curve. In Figures 10 and 11, we plot
Rg and RH versus VR under theta solvent conditions. The latter plot nicely reduces all the
data to a single universal calibration curve, while the former plot fails to do so. Other
recent work has shown that RH correlates better with elution behavior of branched chains
than does Rg[3, 4]. Figures 9 and 11 match well with the theory proposed by Teraoka,
but universal calibration by hydrodynamic volume is generally still a better choice for
calibrating SEC, even in the case of branched molecules. A very noticeable feature to all
of the figures is that the same samples g40-25 and CS25-35 coincide in every instance.
These two samples provide insight into the fact that the location of the branch point on
the polymer backbone is not as important as how much or big the branch is protruding
from the back bone.
Conclusions
SEC with online static and dynamic light scattering and intrinsic viscosity
detectors was used to probe the dilute solution properties of linear, regular comb, and
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regular centipede polystyrenes in both good and theta solvents. Measurements under
theta conditions were made possible by choosing trans-decalin as a theta solvent. This
solvent is a theta solvent for linear PS at room temperature, and its high boiling point
allows the chromatography to be conducted at elevated temperatures where it becomes a
good solvent for PS, avoiding adsorption of the polymer on the stationary phase. In this
work, SEC with static and dynamic light scattering detection, plus viscometry, has thus
been shown to be a powerful technique for generating comprehensive dilute solution
properties data on polymers, even under theta conditions. The ε parameter relating g and
g’ was shown to have a value of about 0.9 for regular comb and regular centipede
polystyrenes, in agreement with theory and data on random combs and certain randomly
branched polymers. Φ and β parameters provide further insight to the validity of the data
we collected due to the fact that the linear samples that were measured correlated well
with those reported in the literature. All dilute solution properties measured were found
to be in agreement with theory and other experimental studies on branched polymer
systems. This is the first time that these types of measurements have been performed and
compared to the theory for theta conditions. It must be noted here that although our
intrinsic viscosity studies failed under theta conditions, this is attributed to adsorption in
the viscometer capillary rather than an inherent limitation of the technique. Generation of
precise DLS data, using the present instrumentation, requires the use of reduced flow
rates to enhance the signal to noise ratio in the correlation functions.
Traditional SEC universal calibration based on hydrodynamic volume is the best
method at this time. The use of the hydrodynamic radius also gives fairly good universal
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calibrations particularly at the theta conditions, however radius of gyration is not a useful
parameter for generating SEC universal calibration curves.
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Figure 1: Polystyrene centipede synthesis. Notice that each regularly spaced branch
point bears two branches.
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Table 1: Molecular characteristics of the branched polystyrenes

Mside

Mcon.

r

CS25-35

35100

23100

1.52

g15-35

34400

15700

2.19

g40-25

28800

41200

0.70

g60-15

13500

57000

0.24

r = (Mside/Mcon) CS = Comb polymer g = Centipede polymers Mcon = Mconnector
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1.60
1.50

LOG RH / nm

1.40
1.30
1.20
g60-15

1.10

g40-25

1.00

g15-35

0.90
0.80
4.90

CS25-35
Linear PS

5.10

5.30

5.50

5.70

R H = .00196M.714
R H = .0180M.539
R H = .00596M.616
R H = .0313M.498
R H = .0190M.544
5.90

6.10

LOG MW
Figure 3: Comparison of the dependence of hydrodynamic radius on molecular
weight range for different architectures in a good solvent (THF). g60-15 = ∆, g40-25
= +, g15-35 = *, CS25-35 = ◊, Linear PS = □.

103

2.400

[η ] = .0638M

2.300

g40-25

[η ] = .192M

2.200

g15-35

[η ] = .504M

CS25-35

[η ] = .138M

2.100

LOG [η ]

.568

g60-15

.470

.375
.494

Linear PS [η ] = .0121M.718

2.000
1.900
1.800
1.700
1.600
1.500
1.400
4.700

4.900

5.100

5.300

5.500

5.700

5.900

6.100

LOG MW
Figure 4: Dependence of intrinsic viscosity on molecular weight for different
architectures in a good solvent (THF). g60-15 = ∆, g40-25 = +, g15-35 = *, CS25-35
= ◊, Linear PS = □.
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1.40

LOG R H / nm

1.30
1.20

.553

g60-15

R H = .0108M

g40-25

R H = .0493M

g15-35

R H = .0466M

.429

.430
.465

CS25-35 R H = .0328M
.451
Linear PS R H = .0409M

1.10
1.00
0.90
0.80
4.50

5.00

5.50

6.00

6.50

LOG MW
Figure 5: Dependence of the hydrodynamic radius on molecular weight for different
architectures in a theta solvent (trans-decalin). g60-15 = ∆, g40-25 = +, g15-35 = *,
CS25-35 = ◊, Linear PS = □.
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Table 2: ε values for regular and random combs and regular centipedes

Polymer

ε Values

Reference

Regular comb

0.8-0.9

This work

Random comb

0.9-1.1

Hadjichristidis et al.[23]

Random comb

0.7-1.0

Roovers et al.[24, 25]

Random comb

0.95

Radke and Mueller[14]

g60-15

0.7-1.0

This work

g40-25

0.8-0.9

This work

g15-35

0.8-0.9

This work

Regular centipedes

106

4.00E+23

3.50E+23

Φ

3.00E+23

2.50E+23
g60-15
g40-25
g15-35
CS25-35
Linear PS

2.00E+23

1.50E+23

0.00E+00 2.00E+05 4.00E+05 6.00E+05 8.00E+05 1.00E+06 1.20E+06

MW
Figure 6: Dependence of the Fox-Flory factor Φ on molecular weight. g60-15 = ∆,
g40-25 = +, g15-35 = *, CS25-35 = ◊, Linear PS = □.
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Table 3: ρ values for regular and random combs and regular centipedes

Sample

ρ (trans-decalin)

ρ (THF)

Linear PS

1.13

1.32

CS25-35

1.15

1.04

g60-15

1.23

1.13

g40-25

1.15

1.04

g15-35

1.04

0.96

108

8.5

LOG [η ] * M

8

7.5

7

6.5

6
11.7

g60-15
g40-25
g15-35
CS25-35
Linear PS

12.2

12.7

13.2

13.7

14.2

VR

Figure 7: Traditional universal calibration of [η] * M versus retention volume. g6015 = ∆, g40-25 = +, g15-35 = *, CS25-35 = ◊, Linear PS = □.
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1.70
1.60

LOG Rg / nm

1.50
1.40
1.30
1.20
1.10
1.00
11.5

g60-15
g40-25
g15-35
CS25-35
Linear PS
12

12.5

13

13.5

14

V R / ml
Figure 8: Universal calibration based on log radius of gyration versus retention
volume in the good solvent (THF). g60-15 = ∆, g40-25 = +, g15-35 = *, CS25-35 =
◊, Linear PS = □.
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1.60
1.50

LOG RH / nm

1.40
1.30
1.20
1.10
1.00
0.90
11.7

g60-15
g40-25
g15-35
CS25-35
Linear PS
12.2

12.7

13.2

13.7

14.2

14.7

V R / ml
Figure 9: Universal calibration based on log hydrodynamic radius versus retention
volume in the good solvent (THF). g60-15 = ∆, g40-25 = +, g15-35 = *, CS25-35 =
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1.550
1.500

LOG Rg / nm

1.450
1.400
1.350
1.300
1.250

g60-15
g40-25
g15-35
CS25-35
Linear PS

1.200
1.150
1.100
11.5

12

12.5

13

V R / ml
Figure 10: Universal calibration based on log radius of gyration versus retention
volume in the theta solvent (trans-decalin). g60-15 = ∆, g40-25 = +, g15-35 = *,
CS25-35 = ◊, Linear PS = □.
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13.5

1.40

LOG RH / nm

1.30

1.20
1.10
1.00

g60-15
g40-25
g15-35
CS25-35
Linear PS

0.90
0.80
11

11.5

12

12.5

13

13.5

14

14.5

V R / ml
Figure 11: Universal calibration based on log hydrodynamic radius versus retention
volume in the theta solvent (trans-decalin). g60-15 = ∆, g40-25 = +, g15-35 = *,
CS25-35 = ◊, Linear PS = □.
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Part 4
Synthesis and Characterization of Polyhedral Oligomeric
Silsesquioxanes (POSS) containing Star Polymers
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Introduction
Nanotechnology, as defined by K. Eric Drexler in Engines of Creation, is
“technology based on the manipulation of individual atoms and molecules to build
structures to complex, atomic specifications.” [1] Nanotechnology has become a buzz
word in the science world because of the opportunities in research funding that have
become available in recent years. According to Phillips and co-workers, the scientific
community has not reached the true nanotechnology age and refers to the science being
performed currently as nanoscience.[2] With time, nanoscience has branched into more
specific studies, one of which is the nanomaterial science field; this includes the study of
polymer inorganic/organic hybrids. Inorganic/organic hybrid polymer systems were first
made shortly after the first polymers were synthesized. Initially, these hybrid materials
were simple blends of organic polymers that were mixed with inorganic clays. DuPont
was one of the early developers of hybrid materials; they blended polyamide 6,6 with
wollastonite clay.[3] The main driving force behind development of hybrid materials is
the increasing demands of polymers that are synthesized today. Polymers are expected to
exhibit excellent processability, toughness, and optical properties. On the other hand,
several of the big disadvantages of polymers are lower thermal and oxidative stabilities
than inorganic materials. This is the gap that polymer inorganic/organic hybrids bridge.
The current demand is for polymers that excel in all of the categories listed
above.[4] Current research is not only directed towards discovering materials with
thermal and oxidative enhancements, but it is also directed towards advancement of
optical and electronic properties of polymers.[5, 6] In recent years, the advance of these
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blends have been largely based on incorporated nanoparticles. This is important to
reduce the problems associated with previously studied hybrid materials. When
incorporating large scale inorganic materials, blends were hard to compatibilize and the
properties that make the polymers important were drastically reduced. An example of
problems that arise can be seen in the following example. Polyamide 6,6 blended with
clay at 40% exhibits an increase in tensile strength but a very large decrease in
elongation.[3] It is important to notice this is causing an embrittlement of the polymer.
By shrinking the size of the inorganic domains in the polymer matrix, these defects can
be overcome because of the generation of large interfacial areas which allow better
compatibilization of the material. The dimensions of the weakest link of the material, the
inorganic clay, can now be reduced to allow interaction of the inorganic compound and
the matrix polymer on a molecular level. Not only does making the filler particles
smaller enhance the properties that are being explored, but chemically bonding the
inorganic component to the polymer, through such methods as copolymerization, can also
aide compatibilization. The effect of compatibilization is not only to improve mechanical
properties, but also to improve the optical properties of the materials in question.
Another area being explored with great fervor with respect to the
inorganic/organic hybrid system is the idea of incorporating polyhedral oligomeric
silsesquioxane (POSS) into organic polymers. This area of research has gained a great
deal of expansion over the last ten years due to the availability of POSS on a larger scale.
Hybrid Plastics has opened a plant that has reduced the cost of POSS macromonomers
from $5,000 - $10,000 a pound to $50 -$2,000 a pound.[2]
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The term silsesquioxane “refers to all structures with the empirical formulas
RSiO3/2 where R is hydrogen or any alkyl, alkylene, aryl, arylene or organo-functional
derivatives of alkyl, alkylene, aryl, or arylene groups.”[7] These silsesquioxane can take
many shapes, random structures, ladder structures, cage structures, and partial cage
structures. The structure of interest in this study is a cubic POSS with a T8 cage
structure. The R group on the POSS may be substituted with many different organic
molecules including methyl groups, phenyl groups, or almost any other organic
functionality.
In previous work, the POSS cubes have been incorporated into many different
polymer materials. The cubes have then been shown to act as initiators, linking agents,
and terminating agents. R group substitution of the POSS allows nearly endless materials
to be created and explored. POSS macromonomers have been incorporated into
polymers using a variety of polymerization techniques including anionic and free radical
methods. [8-15] The focus of this work was an anionic polymerization of star polymers
with POSS as the core linking agent.
The incorporation of POSS into polymer materials provides the means to create
composite polymeric materials that are strong and tough, but also display a greatly
increased thermal stability. While increased thermal stability can be achieved with other
inorganic fillers, POSS is noteworthy because of the ability to chemically bond the
inorganic and organic polymer material together through the use of POSS
macromonomers. This overcomes the common problem of weak polymeric hybrid
systems often encountered with other inorganic fillers due to the low compatibilization of
the organic and inorganic material. One method of incorporating the POSS cube into
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polymers, is the functionalization of a monomer before the polymerization process with a
functionalized POSS cube. This process is usually carried out via corner capping POSStrisilanols with trichlorosilane coupling agents containing a polymerizable group. These
types of reactions usually succeed in greater than 90 percent yield.[16, 17] Incorporation
of the POSS macromonomers for creating the organic/inorganic hybrid materials is
constructive for several reasons:
•

Increased solubility of POSS cube in organic solvents

•

Increased thermal stability of organic monomers

•

The ability to utilize varying polymerization techniques

•

Incorporation of small mole percentage of POSS macromonomer results in large
weight percentage of POSS in hybrid material

•

Increased resistance to oxidation

•

Reduced flammability

•

Large size of POSS, ~1.5 nm, with a cyclopentyl or cycylohexyl substituent

POSS macromonomers have been incorporated into many different copolymer systems.
Examples of copolymers that have been synthesized include Styrl-POSS, MethacrylatePOSS, and Norbornyl-POSS copolymers, just to name a few.[8, 17, 18]
Haddad and coworkers were some of the first to form a copolymer of POSS
macromonomers and 4-methylstyrene using a POSS-styryl macromonomer
(POSSSM).[19] They also explored the properties of the homopolymers of POSSSM
with varying R groups on the POSS cube. They studied both a cyclopentyl and a
cycylohexyl group R substitution. They found very different solubilities between the two
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copolymers, with the cyclopentyl substituent significantly reducing the solubility of the
homopolymer in THF by more than order of magnitude when compared to the
cycylohexyl substituted monomer. While exploring the copolymer of POSSSM and 4methylstyrene, they varied the amount of POSSSM loading to monitor the thermal
properties of the copolymer. They found loads greater than 20% POSSSM resulted in no
discernable glass transition for the copolymer by DSC measurement. They also noted the
degradation temperature of the copolymer increased linearly with the amount of
POSSSM that was loaded into the copolymer.[19] Their hypothesis to explain this
phenomenon was that the POSS was aggregating and forming a type of thermoplastic
hybrid material.
Researchers at the Air Force Research Laboratory also conducted experiments on
how the substituent on the POSS cube macromonomer affected the thermal properties of
copolymers formed from them. Experiments were carried out on copolymers of 4methylstyrene and 30% by weight POSSSM that contained four different substituents;
isobutyl, cyclopentyl, cycylohexyl, and phenyl groups. These copolymers were subjected
to dynamic mechanical testing and were determined to have higher mechanical strengths
then the homopolymerized 4-methylstyrene at 30°C above the glass transition
temperature of the poly(4-methylstyrene). The cyclopentyl and cyclohexyl substituted
POSS groups exhibited the highest mechanical strengths, with a storage modulus over
106 Pa and almost an order of magnitude higher than the homopolymerized poly(4methylstyrene when compared above the glass transition temperature. The phenyl
substituted material was not able to be compared effectively because of solubility issues
that arose during the polymerization process.[18] Due to the solubility issues that arise in
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this particular study phenyl substituted POSS will not be used in the polymers proposed
in this proposal.
The first group to report a thermoplastic elastomer from these POSS nanoparticles
was Coughlin and coworkers at the University of Massachusetts, Amherst. They found
that by combining cyclooctadiene with a cyclopentyl-POSS macromonomer they could
generate a random butadiene/POSSSM copolymer via a ring opening metathesis reaction.
The elastic properties increased with POSS loading in the copolymer, with a 40% by
weight copolymer exhibiting the best toughness properties at 100% strain.[16] The
Coughlin group went on to further study why there was an increase in the mechanical
properties of these copolymers. Through transmission electron microscopy (TEM), wide
angle x-ray diffraction (WAXD), and small angle x-ray scattering (SAXS), they observed
the morphologies of the copolymers and found the copolymers self assembled into
ordered microstructures. The POSS cubes preferentially aggregated to form sheets of
POSS cubes that crystallize into an ordered lattice. The sheets were found to vary with
varying amounts of POSS loading; at low loading, the sheets were distributed randomly
through out the polymer and at higher concentrations, continuous lamella were seen
throughout the samples. A key point to note is that it was shown that these lamellar
structures were formed from random copolymers that had large polydispersities. This is
an unusual occurrence when observing self-assembled morphologies of copolymers.
Well defined block copolymers are generally required to observe these types of
nanostructures.[20]
For these types of materials to obtain the high thermal stabilities necessary for
many industrial applications, it is useful for the organic part of the hybrid material to be a
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polymer that is more stable than polybutadiene; thus, a synthetic route to a polyethylene
(PE)-POSS copolymer was developed.[9] The PE-POSS copolymers that resulted were
random in nature, as were the polybutadiene-POSS copolymer mentioned earlier. These
types of polymers exhibited even better thermal properties than that of the butadiene
copolymers. The onset degradation temperature of these polymers is 437°C or greater
depending on the POSS loading, more than 100°C higher than that of polybutadiene
copolymers with comparable POSS loading.[21]
An inconvenience brought on by using PE in the copolymer system is that linear
PE is a highly crystalline polymer. Further research on these types of polymers has
revealed that the crystallization of PE reduces the ability of the POSS cubes to
aggregate.[22] The amount of POSS aggregation within the PE-POSS copolymers was
found to be very dependent on sample preparation. The amount of POSS aggregation
was compared with two different sample preparation methods; melt crystallization and
crystallization from hot xylene using X-ray diffraction. During solution crystallization,
the POSS cube is restricted to aggregate with only other nearby POSS units, as a direct
result of the crystallized PE chains forming a lattice structure locking the POSS cubes in
place. This results in a material that has very few, and consequently, smaller POSS
lamella. The melt crystallized material, however, shows a large crystalline peak in the Xray diffraction pattern when compared to the solution crystallized material. When
comparing the thermal stabilities of the two materials, a large difference can be seen
between the two different sample preparation methods. The difference in the onset
degradation temperature from one material to another is significant; the melt crystallized
sample has a higher onset degradation temperature by as much as 200°C. This proved
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that even for the same sample, processing conditions play a huge role in the final
copolymer properties.[22]
The previous inorganic/organic hybrids discussed earlier involved a grafting
method or a copolymerization of a organic monomer with a modified POSS monomer.
Star polymers have been synthesized by two different methods. POSS can be used as a
functional initiator and the arms of the star can be polymerized from the POSS core. Kim
and coworkers refer to this method as the “core first method”. They modified the POSS
cubes with various initiating agents for ring opening metathesis polymerization (ROMP).
They found that using POSS cube initiation to polymerize 2-methyl-2-oxazoline was
inefficient. At most only 4 to 5 of the arms were activated and consisted of varying
molecular weights. They propose that steric hindrance plays an important factor in the
initiation of the star core. Each corner of the cube may have an individually different
initiation rate. [23] They also concluded that the amount of POSS incorporated into the
polymer had significant effects on the thermal properties of the polymer. For example,
the more POSS the better the thermal degradation temperature and a smaller transition
was recorded for DSC. With a monomer to cube-initiator ratio greater than 200 to 1 no
significant changes in thermal properties were observed.
Stars using the “core first method” were also attempted by Costa, Laine, and
coworker. They attempted to synthesize star polymers using atom transfer radical
polymerization (ATRP). The reactions were varied by trying to optimize the POSS
modified ATRP initiator. They attached 2-bromo-2-methylpropionoxy
propyldimethylsioxy to a silsesquioxane cube to form octakis (2-bromo-2methylpropionoxy propyldimethylsioxy) octasilsesquioxane (OBPS). The bromo
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initiator core was used in conjunction with the copper catalyst CuCl to polymerize methyl
methacrylate. Well defined stars were not synthesized by any of the methods they
developed. Termination reactions between stars, combined with inefficient initiating
sites from all 8 corners of the POSS cube contributed to inefficient star formation. They
determined that the best efficiency achieved was 7 arms, but that 6 arms were more likely
to form. They also confirmed that using GPC to monitor the process creates a problem
because the resulting star polymer will have a smaller hydrodynamic volume compared to
its linear counterparts making characterization difficult with conventional GPC. The
polydispersities obtained using ATRP were also higher than for typical ATRP reactions.
The typical polydispersities achieved by this polymerization method are usually 1.1-1.2.
Such dispersities were not observed in these polymerizations. Although they did not
report specific values for the polydispersity, the GPC traces show several very different
molecular weight species present in all of their polymerizations.[24]
Due to limitations using the “core first method” of generating star polymers, a
“grafting onto” method was developed. The experimental section describes how
polybutadiene was polymerized using anionic techniques and grafted onto a POSS cube
that was modified with a chlorosilane moiety. The “grafting onto” method provides a
route to well defined arms that can be characterized before the star is made. The
characterization of the star once the linking process takes place provides insight into the
linking procedure.

123

Experimental
Synthesis
The 8 arm star polymers were synthesized using anionic polymerization
techniques coupled with modified chlorosilane linking agents. Linear polybutadienes of
varying molecular weight were synthesized and characterized by GPC coupled with
online light scattering. The dn/dc value used to calculate the molecular weight from light
scattering was 0.130 mL/g in THF at 40 oC. The living polybutadienes were sealed in
glass ampoules and set aside for use during the coupling process.
The linking agent was synthesized from a POSS derivative. Figure 1 (all Figures
will be in the appendix of this section) shows the structure of the POSS starting material.
Each corner of the POSS cube has been capped with a (CH3)3Sn-O- group. The Tin
modified POSS (SnPOSS) cube was obtained from the labs of Dr. Craig Barnes at the
University of Tennessee and had been characterized by NMR. The POSS cubes need to
be sealed in glass ampoules to be used in combination with the anionic synthesis
technique. First the POSS cube was dissolved in a small amount of unpurified THF
obtained from Fisher Scientific. The solution was injected into an apparatus shown in
Figure 2 through a side arm located on the side of a round bottom flask. The side arm
was capped with a rubber septum and the apparatus was placed on a high vacuum line.
The THF was slowly pumped off to avoid bumping of the material in the flask. Once the
THF is removed and the vacuum is completely open to the apparatus, the side arm that
was used to inject the material is heat sealed using a glass blowing torch. The SnPOSS
must undergo a drying process to remove water which can bind to the POSS derivative.
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The flask is heated in a silicone oil bath for 24 hours at 100oC under vacuum to remove
water.
After drying on the vacuum line, a known amount of purified THF is distilled into
the apparatus to generate a known molarity for use during the linking process. The THF
was purified in the same manner as that for anionic polymerization in THF. The THF is
initially dried over CaH2 which is degassed three times and allowed to stir overnight. The
THF is then distilled over a sodium/potassium alloy which is made from 3 to 1 mixture of
sodium to potassium (NaK) which is liquid at room temperature. This mixture undergoes
three freeze/thaw degas cycle, and allowed to stir until a light blue color is observed.
The purification of the THF is essential to ensure there are no impurities which would
terminate the living polymer chains. Once the known amount of THF is distilled into the
apparatus the entire apparatus is heat sealed from the vacuum line and put aside.
Distilling a known amount of THF into the apparatus allows a concentration of cubes in
solution to be calculated. Consequently the required amount of POSS cube for a given
reaction can be measured and take from the apparatus.
The chlorosilane used in this reaction was dichlorodimethylsilane >99.5% pure
obtained from Aldrich. The chlorosilane was purified by stirring over CaH2. The
mixture was degassed once with a freeze/thaw cycle and then allowed to stir for 24 hours.
It was then degassed three times after the 24 hour period. When purchasing the
chlorosilane it is notable to buy small bottles, usually the 100 ml or 100 gram bottles.
This is recommended because of the highly reactive chlorosilane which can undergo
protoylsis with water. Use of an entire bottle during the purification process will help
ensure the purity of the distilled reagent. When distilling the purified reagent the first
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third of the distillation is discarded. The middle third is distilled to ampoules and heat
sealed under vacuum. The final third is also discarded. This method is used to ensure the
chlorosilane being distilled has the functionality that we desire.
Careful consideration must be used when making the linking apparatus. The
apparatus can be detached from the vacuum line during the modification process or the
reactor may stay attached. If the first option is used an additional break-seal and
constriction are necessary to allow reattachment to the vacuum line. A photograph of the
type of apparatus used in this synthesis is shown in Figure 3. The apparatus contains
living polybutadiene, methanol, dichlorodimethylsilane, and an ampoule of pre-measured
SnPOSS diluted with THF. The entire apparatus was assembled and attached to the high
vacuum line.
Once the vacuum has pumped down to an acceptable level and tested with the
Tesla coil, the system is closed by shutting the stopcock which connects the system to the
vacuum line. The ampoule containing the dichlorodimethylsilane is broken and the
liquid is stirred by the glass encased magnet present in the system. The modified POSS
cube dissolved in the THF ampoule is then broken and allowed to mix with the
chlorosilane through a finger tip entry to ensure the POSS cube is added directly to the
chlorosilane. The order of the addition is important to try to prevent crosslinking of the
cube. A large excess of the chlorosilane was used in this addition never smaller than 100
times the molar amount needed. Ideally it would be advantageous to add the POSS-THF
solution drop wise to allow the system to react, but because the system is under vacuum
and the vapor pressure of the chlorosilane is so low, this type of addition is not
accessible. The reaction scheme is shown in Figure 4. This reaction was allowed to
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proceed for two hours before the excess dichlorodimethylsilane and chlorotrimethyltin
were distilled out of the system. The system was again introduced to the vacuum and
heated by a water bath at 80oC for 24 hours.
The vacuum quality was again tested at the end of the 24 hours with the Tesla coil
to ensure that all of the excess chlorosilane and tin byproduct were removed from the
system. Once the applied vacuum was sufficient, the entire system was heat sealed from
the vacuum line and the living polymer solution was added to the modified chlorosilane
cube. This can be seen in Figure 5. Subsequent samples were taken to follow the
reaction progress through small sampling ampoules attached to the reaction vessel. In
each reaction mixture the amount of living polymer added to the POSS cubes was in
excess by 20% excess to facilitate the star formation. The reaction was followed with
GPC to confirm the linking process. Once the linking was completed the excess linear
material was terminated with methanol. The material was isolated in an excess of
methanol and a small amount of butylated-hydroxytoluene was added to prevent
oxidation of the polybutadiene. The remaining mixture was fractionated using the
solvent/nonsolvent pair of toluene/methanol.
Once the star polymer was fractionated the polymer was dried in a vacuum oven
at room temperature to prevent oxidation of the polymer. The polymer was dried until
the resulting polymer was transparent and there was no cloudiness left in the bulk
material.
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Characterization
GPC analysis was used to monitor the linking process in conjunction with online
light scattering measurements. The polymers that were synthesized are shown in Table 1.
The first polymer of interest is the polybutadiene polymer that has been end capped with
polystyrene. This particular polymer was synthesized by polymerizing a homopolymer
of polybutadiene then adding 4 units of polystyrene to the end of the living chain. The
end capping of the polymer was achieved by using a ampoule of styrene that had been
diluted with hexanes to a lower concentration so an appropriate amount of styrene could
be added to the living polybutadiene. Living polybutadiene will not efficiently initiate
styrene without the presence of a polar additive, so a small amount, less than 1 ml of THF
was added to the system to assist in the polymerization of the styrene. In Figure 6, the
GPC of the end capped polystyrene is shown. The figure shows the grafting reaction
after 45 days of linking. This GPC trace did not differ much from the grafting reaction
after one week progress. The styrene capped polybutadiene generates a sterically
hindered attacking group. Due to the sterics of the linking reaction the eight arm star is
never formed. At most 6 arms are achievable. The other species present in the GPC are
due to termination of the living chain end over time to the exposure of THF. The
molecular weights of the peaks were obtained by GPC with online light scattering.
Demonstration of the limiting effects of the end group on the living polymer may provide
routes to synthesizing mikto star type material. It may be useful to compare a polystyrl
anions to a diphenylethylene (DPE) anions to monitor how steric interactions affect the
linking reaction.
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In Figure 7, the effect of having a small living chain end, as is the case with a
polybutadiene anion, is that the linking reaction takes place very quickly. It is not
necessary to use a polar additive such as THF to assist in the breaking of the lithium
anion aggregates. It is also important to note that the linking process is one hundred
percent efficient; there were no star species that had arm numbers between one and the
fully grafted 8 arm POSS derivative. This was verified with the online light scattering
instrument. This efficient linking leads to star polymers that are easy to fractionate from
the starting material because the molecular weight difference between the starting
product and the final star differs so greatly.
The linking of the sample of PBD20 with MW ~20,000 g/mol was also
characterized by GPC with online light scattering. Figure 8 shows the resulting polymer
after the fractionation procedure was performed to remove the excess material. This
particular GPC chromatogram is interesting because of the high molecular weigh peaks
that are present. The peaks are notably visible in the light scattering detectors and barely
detectable in the refractive index detector. The resulting peaks correspond to the 14 and
20 arm star polymers that would be formed due to the fact that some of the POSS
material cross linked when the dichlorosilane material was added to the flask containing
the tin modified POSS. The crosslinking reaction that would occur is when one
dichlorodimethylsilane unit reacts with two SnPOSS cubes this in effect would generate a
cross linked POSS core. The POSS core would contain 14 active chlorosilane sites
where polymer arms could attach since one corner of each cube would be used in the
linking of the two cubes. The 20 arm star variety would occur if this cross linking would
occur between three SnPOSS cubes during the chlorosilane capping step. Since each
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cube has 8 active sites the middle cube in effect lose two sites due to cross linking while
the outer POSS cubes would each lose one active site. The affect is that instead of having
24 active sites there would only be 20 active chlorosilanes sites to link the arms.
The refractive index is directly proportional to the amount of material that is
present in solution; therefore, the amount of cross linked material is minuscule.
However, because the molecules are so large, even at such a low concentration the light
scattering intensity is significant enough to measure the molecular weights of the elution
peaks from the GPC.
The effect of the POSS starting material on crosslinking is not evident in the
higher molecular weight material. I do not believe that this is because cross linking of
the cube is not occurring. The amount of cross linking of the cube is small but some can
not be avoided. Due to the high molecular weights present in the PBD110 sample good
separation may not be occurring in the GPC columns. The PBD110 sample had a MW of
900,000 g/mol which in effect is covering up the 14 and 20 arm star varieties. The
elution times will not be separated enough in our GPC instrument because the columns
have reached their molecular weight limit. Reexamination of the material with columns
that can handle larger molecular weights should verify this hypothesis.
The lower molecular weight sample was prepared to run NMR studies of the
POSS cube and oligomeric polybutadiene chains. An attempt to synthesize this material
proved to be challenging. The polydispersity of the arm material proved to be very broad
because of the small molecular weight that was attempted to be synthesized. Since the
distribution of the starting material was broad, tracking the linking process was
impossible. The SEC chromatogram of the oligomeric 8 arm star material was very
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broad, and also the amount of cross linking between the cubes would have increased
because the molar amount of cube would have been greater in this reaction. Isolation of
the final product proved to be difficult because the final material was slightly soluble in
methanol, this may be due the ratio of inorganic to organic material present in this low
molecular weight sample.
Two samples PBD20 and PBD110 were isolated as star material were analyzed by
differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA). The
star polymers that had POSS incorporated as the linking agent, showed no significant
increase in thermal properties. The glass transition temperature of the hybrid material
was similar in nature to that of homo-polybutadiene. The glass transition temperature of
both star materials was ~ -90oC which is in agreement with literature values. Subsequent
DSC experiments were run with 3 heating cycles to 250 degrees with slow cooling to
monitor if any aggregation of the POSS cube was occurring. No transition was ever
observed in either sample. This effect is not surprising due to the low amount of POSS
cube that is incorporated into the hybrid material.
TGA of the PBD20 and PBD110 in an air atmosphere and nitrogen atmosphere
proved the same conclusions that as from the DSC. Not enough POSS was incorporated
into the hybrid material to see any difference in the behavior of the homo-polymer
material to that of the hybrid material. Figure 9 shows the TGA of sample PBD110 in
each TGA experiment.
The calculated amount of POSS mol% in star samples PBD20 and PBD110 are
theoretically 0.033 % and 0.0061 % mol percent respectively. The theoretical weight
percent of the two samples is 0.33 wt% and 0.061 wt% respectively. This low
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incorporation of POSS is not enough to provide adequate physical property change.
Results have been reported that a minimum of 10% by weight and 1.4 mol % of POSS is
necessary to induce changes in the physical properties of the polymer.[16, 19, 25]
Therefore the results for the polymers synthesized were not surprising.
Future Work
To our knowledge this is the first report of POSS cubes to be utilized as a linking
agent using anionic polymerization. These preliminary reactions show promise in using
this material in the future of anionic polymerization. The POSS cube could be modified
with other chlorosilanes to access larger armed structures. Using trichlorosilanes or
tetrachlorosilanes would lead to 16 and 24 arm linking agents. Also utilizing these
chlorosilane modified POSS in conjunction with anionic polymerizations could lead to
interesting cross linked material. The use of this type of chemistry opens a door to a
variety of polymer structures that are only available through anionic techniques such as
mikto arm stars and possible barbed wire structures with POSS at the core of the material.
Also as a way to incorporate more POSS into the polymers, it may be useful to
larger POSS moiety such as the penta-cube structure, or crosslink several POSS cubes to
create a larger central core unit therefore incorporating more POSS into the polymer
composite. The physical properties of the inorganic/organic hybrids should benefit from
the use of the anionic technique so the exact amount of POSS needed to enhance physical
properties can be explored more in depth.
Conclusions
A novel anionic star polymer synthesis was developed to incorporate POSS into
the core of the star material. The linking reactions were achieved by modifying SnPOSS
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cubes and reacting them with dichlorodimethylsilanes. In this work polybutadiene was
utilized as the main arm material in all of the star synthesis. We have shown that by
incorporating large monomers into the living chain, the rate of reaction of the linking can
be modified. The incorporation of polystyrlanions on the polybutadiene significantly
slowed and prohibited the numbers arms that could be attached to the POSS cube. The
linking time for the polymers with the larger polystyrene unit was allowed to proceed for
over 40 days with out full linking of the arm material; whereas, the linking time in the
pure polybutadiene material was fully linked in three days for the PBD20 sample and the
PBD110 sample. The linking reaction kinetics is severely limited by the size of the
monomer unit of the living anion. The molecular weight of the arm material also has an
effect on the amount of possible attacking chain ends but a 20% excess is enough to
overcome the dilution effect of the linking process. Limited control may be incorporated
by providing a sterically hindered end group to the living polymer chain end.
The fact that there was no increase in degradation temperature was not surprising,
as an insufficient amount of POSS was used. POSS loading of higher than 10% by
weight are usually necessary for enhanced thermal properties, based on the literature.
Large weight percent are easily achievable at very low mole percent loadings as is
evident in the calculations from our samples. Other mechanical properties, such as
increases in the tensile strength are seen at much lower POSS incorporations.
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Figure 1: The tin modified POSS cube.
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O

Figure 2: Apparatus used to dilute and split down the SnPOSS cube.
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Figure 3: Linking apparatus used to make the star polymers containing POSS at the
core.
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Table 1: Arm molecular weights and star molecular weights of polybutadiene samples.

Polymer
PS encapped
PBD
PBD20
PBD110
PBD small

Arm
MW
20K

PDI

Star MW

PDI

1.04

Disperse

21K
113K

1.05
1.03

Multiple armed
material
184K
921K
Disperse

Disperse

< 1000 Disperse
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1.04
1.07

PS endcapped PBD linking with POSS 45 days

Excess Arm
Two
Three Arms
Arms
Six
Arms
Eight Arms
Never
Reached
20.00

21.00

22.00

23.00

24.00

25.00

26.00

Retention Volume (mL)

Figure 6: GPC of grafting reaction after 45 days.
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27.00

28.00

29.00

30.00

PBD110 Linking after 3 days

Eight Arm Star

Excess Arm

10

10.5

11

11.5

12

12.5

13

13.5

14

Retention Volume (mL)

Figure 7: GPC of Polybutadiene 8 arm star after 3 days of reacting
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14.5

15

Sample PBD20 Arm Linking after Fractionation
8 Arm Star

20 Arm Star 14 Arm Star

Figure 8: GPC of PBD20 and the resulting polymer after fractionation.

146

Amount of POSS cube incorporated in this sample is
less than .1% by weight.

PBD110 8 arm Star TGA in Air
Atmosphere
PBD110 8 arm Star TGA in N2
Atmosphere

Figure 9: TGA of polybutadiene samples in the presence of air and nitrogen
atmosphere.
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Part 5
Conclusions
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Anionic polymerization will continue to be a valuable and viable method to
obtain well defined complex polymer architectures. At the time of this dissertation there
is no synthetic method available as versatile as anionic synthesis coupled with classical
high-vacuum glass blowing techniques. There are polymerization methods available that
provide some control such as living free radical and nitroxide mediated polymerizations,
but none offers the control over architectures and polydispersities achievable through the
anionic methodologies.
Chlorosilanes are essential to accessing architectures in anionic polymerization,
but they prove to be capricious chemicals to utilize. Chlorosilanes are useful chemicals;
the purification of the chlorosilanes is the most important step in the synthesis of complex
architectures. It is better to sacrifice portions of the chlorosilane during the purification
rather than try to distill the entire solution of chlorosilane being used. A poorly purified
chlorosilane can ruin months of polymer synthesis, so it is of great significance that
immense care is taken in their purification.
The use of chlorosilanes as linking agents provides some of the most versatile
architectures available when coupled with anionic technique. The chlorosilanes provide
access to star, comb, centipede, and barbwire structures when used in a clean and
impurity free environment. The incorporation of polyhedral oligomeric silsesquioxane
(POSS) provides a new class of chlorosilanes to be explored. At the time of publication
of this dissertation there have been no accounts of POSS coupled with anionic
polymerizations to produce star polymers. In a previous chapter, a novel synthetic route
was described to produce a POSS moiety that contained an 8-arm chlorosilane cube
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utilizing dichlorodimethylsilane. As is the case in the synthesis of comb and centipede
polymers the POSS cube selectively attacked by living anion depends on the bulkiness of
the living chain end as is demonstrated when end-capping polybutadiene with
polystyrene. The incomplete incorporation of eight arms through this method proves that
sterics play an important role in the linking process.
Also in the dissertation, the synthesis of well defined poly(ethylene-copropylene) polymers was successfully carried out for stars with divinylbenzene as the
linking agent. Careful thought should be taken when trying to hydrogenate star polymers
containing chlorosilanes as the core linking agent. The carbon silicon bond was shown to
undergo degradation when exposed to high temperatures and long reaction conditions.
The effect of the hydrogenation conditions on the chlorosilane was proven further by the
fact that no degradation was seen in the PI star containing divinylbenzene as the linking
agent. A milder reaction using Pd/CaCO3 and lower temperatures may provide the route
to better hydrogenation of chlorosilane linked stars and graft polymers.
The characterization of polymers is not an easy task, especially for polymers
with broad molecular weight distributions and unknown amounts of branching. Through
the use of anionic polymerizations and new characterization techniques new models can
be developed to help provide insight into polymers with more exotic structures that are
not easily defined. The characterization of comb and centipede branched polystyrenes
provide the insight into creating better systems for characterizing regularly branched
polymers. The information accumulated about g and g’ and their relationship between
each other by the factor ε leads to better correlation of theory and experimental results. I
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believe that the work described in this dissertation will allow models of branched
molecules to be improved upon in the future.

Future Work
Through the use of other chlorosilanes such as trichloromethylsilane and
tetrachlorosilane, 16- and 24-arm stars should be able to be synthesized. The
incorporation of POSS into molecules with well defined structures could lead to new and
interesting polymer morphologies. Not only has POSS research opened up new linking
structures, but it also may provide new means to accessing mikto arm star materials due
to the fact that steric hindrance plays in a role in the way a polymer chain reacts with the
each corner of the POSS cube.
Other interesting architectures can be explored using these new chemistries that
are available with the POSS chlorosilane derivatives. Difunctional initiators such as the
ones used to generate the comb and centipede type polymers could be used with the
POSS chlorosilanes to provide routes to new centipedes and combs that incorporate
POSS into the backbone of the material. A possible synthetic route would utilize a
chlorosilane used to form 8-arm star material. The POSS chlorosilane material would
either be reacted with polystyrene (PS) or a polystyrene capped material which would in
turn generate a POSS cube with 6 arms attached to the structure. This would leave two
chlorosilane corners available for reaction. At this point a difunctional initiated polymer
chain of lower steric hindrance could be introduced, such as polybutadiene (PBD), to
generate a barbwire type of architecture. This particular architecture would be of interest
due to the fact that the backbone of the polymer would be PBD with PS grafts and POSS
at the graft points. The morphologies of structures like this could be very interesting, due
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as similar structures have been studied but without the POSS derivative incorporated into
the polymer architecture.
The use of chlorosilanes has proven to be an effective method for making
mikto arm stars and graft type centipedes and combs. Any of the structures described in
this dissertation or proposed in this conclusion could benefit from the creation of
deuterated polymers. Recent advancements in the availability of neutron scattering
experiments in conjunction with the opening of the Spallation Neutron Source at Oak
Ridge National Laboratory in the near future, provides the opportunity for a plethora of
experiments to be conducted. The replacement of one or more of the polymer arms or
grafts with a deuterated arm or graft could provide insight into how these polymers
behave in solution and in the melt state.
POSS cubes have been incorporated into polymers using a variety of other
methods but the use of anionic polymerization should provide a route of incorporation
that allows for particular insertion of the cube into a polymer. Since the POSS cube has
been proven stable under anionic conditions, use of the POSS cube by means other than
chlorosilanes should be explored. The integration of a polymerizable unit at the corner of
each cube would provide the ability to generate 16-arm stars with 8 arms of one
monomer such as PI and 8 arms of another such as PS. This should be accessible through
the types of chemistry described in modifying the POSS cube. Instead of using a
dichlorosilane, a bromine compound, such as 4-bromo-1-butene could be coupled with
the Sn modified POSS cube to generate the type of POSS derivative needed to synthesize
the type of star polymer described.
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The types of architectures that were examined by size exclusion
chromatography coupled with online measurements as two angle laser light scattering
(TALLS) and online viscometry were only homopolymers of polystyrene. Investigation
of other polymers of similar structure such as polybutadiene or polyisoprene, could
provide more insight into the dilute solution properties of comb and centipede structures
and the g and g’ values. These polymers if synthesized could later be hydrogenated
through a method described earlier in this thesis and provide details about polyethylene
and poly(ethylene-co-propylene) architectures.
Although the research described in this dissertation has provided some insight
into the synthesis and behavior of some interesting polymer architectures; many different
structures still exist to be explored and many questions still need to be answered.
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